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GENERAL INTRODUCTION TO THE SERIES

Durine the past few years the civilised world has begun to realise the
advantages accruing to scientific research, with the result that an ever-
increasing amount of time and thought is being devoted to various
branches of seience.

No study has progressed more rapidly than chemistry. This
science may be divided roughly into several branches : namely, Organie,
Physical, Inorganic, and Analytical Chemistry. It is impossible to
write any single text-book which shall contain within its two covers a
thorough treatment of any one of these branches, owing to the vast
amount of information that has been accumulated. The need is rather
for a series of text-books dealing more or less comprehensively with
cach branch of chemistry. This has already been attempted by
enterprising firms, so far as physical and analytical chemistry are
concerned ; and the present series is designed to meect the needs of
inorganic chemists. One¢ great advantage of this procedure lics in
the fact that our knowledge of the different sections of science does not
progress at the same rate. Consequently, as soon as any particular
part advances out of proportion to others, the volume dealing with
that section may be easily revised or rewritten as occasion requires.

Some method of classifying the elements for treatment in this way.
is clearly essential, and we have adopted the Periodic Classification
with slight alterations, devoting a whole volume to the consideration
of the elements in each vertical column, as will be evident from a glance
at the scheme in the Frontispicce.

In the first volume, in addition to a detailed account of the Elements
of Group 0, the general principles of Inorganic Chemistry are discussed.
Particular pains have been taken in the selection of material for this
volume, and an attempt has been made to present to the reader a
clear account of the principles upon which our knowledge of modern
Inorganic Chemistry is based.

At the outset it may be well to explain that it was not intended
to write a completo text-book of Physical Chemistry. Numerous
excellent works have already been devoted to this subject, and a
volume on such lines would scarcely serve as a suitable introduction
to this series. Whilst Physical Chemistry deals with the general
principles applied to all branches of theoretical chemistry, our aim
has been to emphasise their application to Inorganic Chemistry, with
which branch of the subject this series of text-books is exclusively
concerned. To this end practically all the illustrations to the laws
and principles discussed in Volume I deal with inorganic substances.

Again, there are many subjects, such as the methods employed in
the accurate determination of atomic weights, which are not generally
regarded as forming part of Physical Chemistry. Yet these are sub-
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]ects ‘of 'suprcme nnportance to the student of Inorganic Chemistry
and are aceordingly included in the Introduction.

Hydrogen and the ammonium salts are dealt with in Volume II,
along with the Elements of Group I. The position of the rare earth
metals in the Periodic Classification has for many years been a source
of difficulty. They have all been included in Volume IV, along with
the Elements of Group III, as this was found to be the most suitable
place for them.

Many alloys and compounds have an equal claim to be considered
in two or more volumes of this series, but this would entail unnecessary
duplication. For example, alloys of copper and tin might be dealt
with in Volumes II and V respectively. Similarly, certain double
salts—such, for example, as ferrous ammonium sulphate—might very
logically be included in Volume II under ammonium, and in Volume IX
under iron. As a general rule this diffieulty has been overcome by
treating complex substances, containing two or more metals or bascs,
in that volume dealing with the metal or base which belongs to the
bighest group of the Periodic Table. For example, the alloys of eopper
and tin are detailed in Volume V along with tin, since copper oceurs
earlier, namely, in Volume II. Similarly, ferrous ammonium sulphate
is discussed in Volume IX under iron, and not under ammonium in
Volume II. The ferro-cyanides are likewise dealt with in Volume IX.

But even with this arrangement it has not always been found easy
to adopt a perfectly logical line of treatment. For example, in the
chromates and permanganates the chromium and manganese function
as part of the acid radicles and are analogous to sulphur and chlorine
in sulphates and perchlorates ; so that they should be treated in the
volume dealing with the metal acting as base, namely, in the case of
potassium permanganate, under potassium in Volume II. But the
alkali permanganates possess such close analogies with one another
that separate treatment of these salts hardly seems desirable. They
are therefore considered in Volume VIII.

Numerous other little irregularities of a like nature oceur, but it is
hoped that, by means of carefully compiled indexes and frequent cross-
referencing in the texts of the separate volumes, the student will
experience no difficulty in finding the information he requires.

Particular care has been taken with the sections dealing with the
atomic weights of the elements in question. The figures given are not
necessarily those to be found in the original memoirs, but have been
recalculated, except where otherwise stated, using the following
fundamental values :

Hydrogen = 1-00762. Oxygen = 16-000.
Sodium = 22-996. Sulphur = 32-065.
Potassium = 39-100. Fluorine = 19-015.
Silver = 107-880. Chlorine = 85-457.
Carbon = 12-:003. Bromine = %9-916.
Nitrogen = 14-008. Iodine = 126-920.

By adopting this method it is easy to compare direetly the results of
earlier investigators with those of more reeent date, and moreover it
renders the data for the different clements strictly comparable through-
out the whole series.

Our aim has not been to make the volumes absolutely exhaustive,
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as this would render them unnecessarily bulky and expensive ; rather
has it been to contribute concise and suggestive accounts of the various
topics, and to append numerous references to the leading works and
memoirs dealing with the same. Every effort has been made to render
these references accurate and reliable, and it is hoped that they will
prove a useful feature of the series. The more important abbreviations,
which are substantially the same as those adopted by the Chemical
Society, are detailed in the subjoined list.

In order that the series shall attain the maximum utility, it is
necessary to arrange for a certain amount of uniformity throughout,
and this involves the suppression of the personality of the individual
author to a corresponding extent for the sake of the common welfare.
It is at once my duty and my pleasure to express my sincere appre-
ciation of the kind and ready manner in which the authors have ac-
commodated themselves to this task, which, without their hearty
co-operation, could never have been successful. Finally, I wish to
acknowledge the unfailing courtesy of the publishers, Messrs. Charles
Griffin and Co., who have done everything in their power to render the
work straightforward and easy.

J. NEWTON FRIEND

October 1919



PREFACE TO THE SECOND EDITION

As the First Edition of this volume has been exhausted so quickly,
it has not been considered necessary to introduce any extensive altera-
tions. A few obvious misprints to which our attention has been called
have been corrected, and very valuable notes on the detection and
estimation of the platinum metals are introduced, for which thanks
are due to Mr G. Sims. A summary of the Dates of Issue of the
more important Journals referred to in the text has been added
(pp. xviii-xxv); and a short appendix is given dealing with recently
discovered occurrences of cobalt and nickel. In conclusion, we take
this opportunity of thanking our Readers for the generous reception
afforded to the First Edition.
J. NEWTON FRIEND
December 1921



PREFACE TO THE FIRST EDITION

IN the preparation of Volume IX it has been found desirable to depart
somewhat from the plan adopted in the other volumes of this Series.
Thus, the study of iron is relegated to Part II, whereas, if the logical
sequence had been maintained, the metal would have received treatment
before cobalt and nickel. Owing to the importance of iron, and the
enormous amount of research that has been carried out in connection
with its properties and those of its compounds, it was felt that the sub-
ject deserved a separate book, and Part 1I of this volume has accordingly
been assigned to it.

Again, the platinum metals are so closely similar in many of their
propetrties that it was decided to treat of their detection and estimation
all together in Chapter X, rather than to deal with each separately at
the end of the chapters dealing with their compounds, as has been done
with cobalt and nickel, and, indeed, with the elements in the remaining
volumes.

The state of our knowledge of the chemistry of the platinum metals,
although greatly improved during the last twenty years, is still far from
satisfactory. This, no doubt, is due to a variety of reasons, such as the
rarity of the metals, their consequently high cost, and their similarity to
one another, which renders their preparation in a state of purity an
extremely arduous task. This latter feature is well exemplified by the
efforts of Matthey to prepare pure iridium. His work is described in
fair detail on pp. 235-286 of the text. Even after a most elaborate
treatment the metal still contained traces of ruthenium and rhodium.

In consequence of this difficulty, there can be no doubt that the
early investigators frequently worked with a very impure metal, and
this may in some measure account for discrepancies and apparent
contradictions in their results.

Again, imperfect methods of analysis frequently led the investigator
of last century astray, so that he was led to postulate the existence of
many compounds, some of which have since been proved to be mixtures.
Thus, for example, Claus, in 1846, observed that when ruthenium is
heated to a high temperature in air a bluish black mass of oxide is formed,
corresponding in chemical composition to the formula Ru,0,. Ac-
cordingly, the existence of this compound was accepted as proven until
1905, when Gutbier showed that the product is probably a mixture of
ruthenium and its di-oxide, RuO,. No doubt many other substances,
supposedly. compounds, are really mixtures. In cases where reasonable
doubt exists, the present author has given indications in the text for the
guidance of the reader.

Attention may, in this connection, be called to the desirability of
extending our knowledge of the chemistry of the platinum metals. Only
a few modern chemists, and those mostly German, have attackgd the
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subject, so the field may be said to be to a large degree unexplored.
The story of the success attending these chemists in the very limited
number of researches undertaken reads almost like a romanee, and
should stimulate British workers seeking promising fields for research.

Thus, for example, prior to 1913 no definite fluoride of osmium had
been isolated, although it was known that combination could take place
between fluorine and osmium. In that year, however, Ruff and Tschirch, -
in a fascinating memoir, described the preparation and isolation of a
complete series of fluorides, namely, Osk's, OsF,, and OsF,. Evidence
was also obtained that the tetrafluoride could combine with alkali
fluorides to form fluorosmates, of general formula M,OsK,, analogous
to the better known chlorosmates and chlorplatinates.

As an example of another kind of research may be mentioned that of
Levy, who has demonstrated that certain hydrated platinocyanides
can exist in two modifications, having the same crystalline form and
chemical composition, but exhibiting a remarkable difference in their
optical properties.

In view of the foregoing it seems certain that discoveries of the highest
interest are awaiting the diligent research student in this particular
field. “

For the research student fuller details are necessary than can he
given in a text-book of this kind. This difficulty is to some degree met
by copious references to original literature, so that a student who has
access to a suitable library may acquire the information he needs with
the maximum rapidity. In this conneection it may be mentioned that
in almost every case the original memoir has been consulted in the
Library of the Chemical Society by the present author, and although
it is too much to hope that the references are entirely free from error,
it is believed that any such errors will be few and of minor importance.

In preparing a work of this kind it is a great advantage for an author
to receive constructive criticism and advice from his friends. My
sincerest thanks are due to Dr. Caven and to Mr. Little, who have care-
fully read through the whole of the work in proof, and made numerous
alterations, additions, and suggestions. In addition to this, Mr. Little
very kindly wrote the sections on the atomic weights of the metals.
Through the kindness of Mr. Clifford, the courteous Librarian of the -
Chemical Socicty, it has been possible for me to gain access to many
early memoirs in a manner that would otherwise have been quite out
of the question. My thanks are due also to Messrs. W. R. Barclay, A.
Banks, A. V. Eldridge, B.Sc., and to many other gentlemen for kind
assistance in one way or another.

J. N. F.

October 1919
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A TEXT-BOOK OF
INORGANIC CHEMISTRY

VOL. IX. PART 1

COBALT, NICKEL, AND THE ELEMENTS OF
THE PLATINUM GROUP

CHAPTER I

GENERAL CHARACTERISTICS OF THE ELEMENTS
OF GROUP VII

As long ago as the beginning of last century the attention of
chemists had been drawn to the fact that certain triads of elements
exist which exhibit not only a close similarity in their chemical and
physical properties, but also an interesting regularity in their atomic
weights.! -For several years, however, the subject was allowed to
drop into abeyance until Dumas, in 1851, again brought it to the fore,?
and both he and other chemists rapidly added to the list of regularities.
At first it was hoped that all the elements might ultimately be grouped
into triads, and that in this way a complete system of classifying the
elements might be evolved, inasmuch as the Periodic Classification had
not as yet been introduced. These hopes were, however, doomed to
failure, and a-severe blow was struck at the utility of the triads when
Cooke ® showed that some of them actually broke into natural groups
of elements. The halogens are a case in point, for chlorine, bromine,
and iodine are but three out of four closely similar elements, and no
system of classification that deals with these to the exclusion of fluorine
can be regarded as satisfactory. A similar objection applies to the
triad of alkali metals, namely, lithium, sodium, and potassium, for
whilst it is true that they resemble each other very closely, a remarkable
analogy likewise exists between them and rubidium and ceesium, the
five elements thus constituting a natural pentadic group. 3
As already stated, the majority of the triads exhibit an interesting
relationship between the numerical values of their atomic weights, the
mean of the first and third being almost identical with the middle

1 Doebereiner, Gilbert’'s Annalen, 1817, 57, 436 ; Pogg. Annalen, 1829, 15, 301. See
also Gilbert's Annalen, 1816, 56, 332, which contains a report by Wurzer on Doeberexr_mr.
2 Dumas, British Assoc. Reports, 1851 ; Compt. rend., 1857, 45, 709 ; 1858, 46, 951 ;
1858, 47, 1026.
3 J. P. Cooke, Amer. J. Sci., 1854, 17, 387.
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value. Thus, in the case of the halogen and alkali triads respectively,
the figures are given in the accompanying table :

Element. Atomic weight. Difference. 1&2221?: ;ﬁ;ﬁ?;
Lithium 5 y 6:94 16-06
Sodium . . g 2300 23-02
Potassium 3 4 39-10 16-10
Chlorine s ! 85-46 4446
Bromine " = 7992 81-19
Todine . § ' 126-92 47-00 ‘

Three sets of triads exist, however, which do not exhibit this rela-
tionship ; indced their atomic weights closely approximate to cne
another. Furthermore, by arranging these clements in the form of
triads no natural groups are broken into, since the triads appear to be
complete and self-contained. They are as follow :

1. Iron 55-84 2. Ruthenium 1017 3. Osmium 1909
Cobalt 58-97 Rhodium  102-9 Iridium 1931
Nickel 58-68 Palladium 1067 Platinum  195-2

Not only do the elements in each of the above triadic groups exhibit
a more or less regular gradation in their properties, but a certain amount
of similarity is found to exist between a member of any one triad and
the corresponding members of the other triads. Thus, for example,
iron, ruthenium, and osmium have several interesting peculiarities in
common ; so have cobalt, rhodium, and iridium, as well as nickel,
palladium, and platinum.

Such relationships between three sets of triads are unique, and no
systematic classification of the elements can afford to ignore then.

After the enunciation of the Law of Octaves by Newlands in 1864,
and the realisation by chemists that a convenient method of grouping
the elements could indeed be obtained by arranging them in the order
of increasing atomic weights, the nine elements mentioned above were
given a unique position in a group by themselves, namely, in the eighth
vertical column of the Periodic Table (see Frontispiece). The remarkable
feature of this grouping lies in the fact that whilst in every other vertical
column save that apportioned to the Rare Earth Metals only one
single element occupies the position in each horizontal series,! in the
eighth group those positions are occupied by triads. It will be observed
that these triads occupy intermediate positions between the even and
odd series of the First, Second, and Fourth Long Periods respectively.
For this reason they are termed the transitional elements, and, as will
be seen later, their chemical properties justify their position as-inter-
mediaries between the metals of the even and odd series of the seventh
and first groups respectively.

! Excluding most of the radio-elements derived from thorium and uranium.
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The Atomic Weights of the Elements of Group VIII

It will be observed that cobalt is placed between iron and nickel
in the Periodic Table figured on the Frontispiece, although its atomic
weight (58:-97) is greater than that of nickel (58-68). This is one of
the anomalies of the scheme which still awaits solution. Nickel
resembles palladium and platinum far more closely than it does rhodium
and iridium, whilst the reverse is true for cobalt. Hence it may be
inferred that, despite the irregularity in the atomic weights, the true
position of nickel is at the end of the triadic group, and that of cobalt
is the centre. This receives strong support from the fact that by
placing cobalt between iron and nickel a more gradual variation in the
properties of the three elements becomes observable. This will be
made abundantly evident in the sequel. In 1870 a similar difficulty
confronted chemists in connection with osmium, iridium, and platinum,
which were believed to have the following atomic weights :

Osmium . : . 5 . " . 1986
Iridium . E 3 3 % 3 . 196-7
Platinum . ! : A : P . 1967

According to this their positions in Group VIII should be reversed,
platinum appearing in the same vertical line as iron and ruthenium,
osmium being relegated to the end of the triadic group, namely, under
nickel and palladium. Such an arrangement, however, is opposed to
the general properties of these -elements, platinum resembling nickel
and palladium more closely than it does iron and ruthenium, the reverse
being true for osmium. Subsequent research has shown, however, that
the atomic weights assigned to the elements in question in 1870 were
incorrect. The values recognised by the International Atomic Weight
Committee for 1921 are as follow :

Osmium . 3 s > 2 5 . 1909
Iridium . 3 ; 3 z . . 1931
Platinum . - 5 2 § . TT105E2

This brings the three elements into complete harmony with the general
scheme. It is always possible that further research may ultimately
prove, in a similar manner, that nickel and cobalt arc not real, but only
apparent, exceptions to the Periodic Law. It must be admitted, how-
ever, that this is very unlikely, since it necessitates either very consider-
able errors in the modern determinations of their atomic weights, or
the assumption that one or both of these elements is in reality complex.

The most recent views on the Periodic Classification suggest an
entirely different method of removing the anomaly, namely, that the
atomic weight is not the correct property to use in arranging the
elements ; rather should one be chosen which increases by a constant
amount in passing from one element to the next. Physical theory
indicates the positive nuclear charge of the atom to be one such property,
whilst experimentally it is found that the X-ray spectra afford such a
property, and eliminate the nickel-cobalt anomaly.!

1 See Vol. I, 3rd ed., pp. 277-8.
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General Properties of the Metals of Group VIII

The general physical properties®of the metals are given in tabular
formi on the facing page, and a strong family likeness may be traced
throughout the whole group. Thus in general appearance they are silver
white, remaining bright in dry air. In their behaviour towards moist
air one metal, namely, iron, is unique. It readily corrodes, yielding a
brown pulverulent mass of hydrated oxide known familiarly as rust.
The other metals either simply tarnish or remain entirely unaffected.

When in a state of fine division several of the metals exhibit powerful
catalysing properties. For example, platinum black introduced into
hydrogen and oxygen mixed in the proportions necessary to form
water, causes the two gases to unite with a loud explosion; whilst
nickel is used commerecially in a finely divided condition for effecting
the hardening or hydrogenation of unsaturated oils, such as linseed
and cotton-seed oils.

The temperatures at which the metals begin to volatilise in vacuo
to a détectable extent are of the same order. The following data have
been given ! :

Cobalt . . 640°C. Nickel . . 750°C.

Iridium . . 660°C. Palladium S nii85 G,
Iron . 3 R #7314 i

The metals melt and boil at very high temperatures, the melting-
points ranging from 1500° C. upwards, and the boiling-points lying in
the neighbourhood of 2500° C. For this reason several of them, such
as platinum and its alloys, iridio-platinum, ete., are employed in the
manufacture of crucibles and scientific apparatus destined for use at
high temperatures. Iron and nickel are used commercially in the
construction of machinery and mechanical appliances liable to exposure
to extremes of heat.

The metals are further characterised by their power of forming
complex radicles with other elements or groups. Well-known examples
are the ferro-cyanides, osmo-cyanides, pallado-cyanides, etc., in which
the metals, combined with the eyanogen group, yield complex negative
radicles with properties entirely different from those characteristic of
the ordinary metallic salts. Most of the metals yield remarkable series
of complex ammino derivatives, of which the best known are the
cobaltammines and platinammines.

Into a somewhat similar category must be placed the double halo-
genides such as chlor-ruthenates and chlor-platinates ; double nitrites
like those of cobalt, rhodium, and osmium ; and the double oxides, as
exemplified by the ferrates, osmates, and ruthenates.

An interesting series of salts is afforded by the alums of trivalent
iron, cobalt, rhodium, and iridium. These have the general formula

M,S0,.R,(SO,),. 2411,0,

are isomorphous, and establish a link between the foregoing clements
and aluminium, chromium, and manganese.

Despite these and other analogies between the nine elements of
Group VIII, it is not difficult to observe that the six elements of greatest

! Knocke, Ber., 1909, 42, 206. Knocke gives 540° C. for platinum, but Roberts
{Phil. Mayg., 1913, 25, 270) showed the metal does not volatilise in vacuo.
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6 COBALT, NICKEL, AND ELEMENTS OF PLATINUM GROUP

atomic weight exhibit a much closer similarity amongst themselves
than towards iron, cobalt, and nickel. Their melting-points and
coefficients of expansion with rise of temperature are of the same
order ; they are readily reduced to the metallic condition from their
compounds, and generally speaking manifest considerable resistance
towards acids and the usual chemical reagents.

A characteristic property of the platinum metals consists in the
readiness with which they admit of being prepared in the colloidal state
as hydrosols. These latter possess powerful catalytic properties, and
their accelerating influence upon the rate of decomposition of aqueous
solutions of hydrogen peroxide has been carefully studied. The most
powerful catalyser is colloidal osmium, followed in order of decreasing
activity by platinum, palladium, and iridium.!

The hydrosols are more active than their respective metals in finely
divided condition; this is attributable to their inereased surface and
to the more intimate contact between the particles of metal and the
molecules to be catalytically acted upon.

Hydrogen, in the presence of these hydrosols, exhibits increased

-activity. For example, when this gas is passed into a mixture con-
sisting of
10 c.c. of metallic hydrosol
10 c.c. of aleohol
2 grs. of nitrobenzene

the last-named substance is reduced to aniline :
C.H,NO, + 8H, = C;H,NH, -} 2H,0.
By measuring the volumes of hydrogen utilised in this way in
unit time per unit volume of metallic hydrosol, a measure of the relative

efficiencies of the colloidal metals is obtained. The results obtained by
Paal and his co-workers are as follow :

1 e.c. of c.c. hydrogen per hour

Palladium hydrosol . 12,000 to 32,000

Platinum s . . « 6,700 to 37,000
Iridium » . . . 2,000 to 4,000
Osmium » : : Only small activity

There is little to choose between palladium and platinum, whilst
the activity of osmium is exceedingly small.

Several of the metals yield solid hydrosols when their solutions are
concentrated in the presence of a protective colloid, such as gum
acacia or sodium lysalbinate, over concentrated sulphuric acid in vacuo.
On treatment with warm water the solids redissolve, yielding the
colloidal solutions again.

The solutions are fairly stable, but decompose if shaken with barium
sulphate or animal charcoal, the metals coagulating.

In the finely divided condition the metals are likewise possessed of
powerful catalytic powers. These are shown to advantage when
asbestos soaked in a solution of the chloride of any one of the metals
is ignited, whereby the metal is obtained as a deposit on the surface
of the asbestos in a high state of subdivision. In such circumstances

! See Paal and his co-workers, Ber., 1905, 38, 1406, 2414; 1907, 40, 2201, 2209;
1908, 41, 2273, 2283,
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they readily oxidise hydrogen and hydrocarbons in the presence of
air. They may be arranged in the following order of activity, osmium
proving decidedly the most reactive and rhodium the least :

Osmium ; palladium ; platinum and ruthenium ; iridium ; rhodium.?
It is interesting to compare this order with that found for the activity
of the colloidal metals in regard to the decomposition of hydrogen
peroxide. The change in position of the osmium is remarkable.

In this connection it is interesting to note that minute traces of
these metals may be detected on asbestos by holding the latter, imme-
diately after heating to redness in a Bunsen flame, in a mixture of
~coal gas and air. The particles of metal become incandescent in
consequence of their catalytic activity in causing the union of the coal
gas and air. By this means it has been found possible 2 to detect the
following traces :

Platinum . . . ¢ s . 0-002 mg.
Iridium . A A ¥ . . 0005 ,,
Rhodium . 1 4 4 X . 0-0009 ,,
Palladium . . 00005 ,,

Ruthenium, rhodium, iridium and platinum are characterised by
yielding, upon reduction of their salts, highly explosive powders.
Osmium and palladium do not appear to share this property.3

Comparative Study of Iron, Cobalt, and Nickel

The Metals.—In many respects metallic iron, cobalt, and nickel
closely resemble one another. The greatest difference between their
atomic weights is only three units, and their specific heats are similar,
as might .be expected from Dulong and Petit’s Law. Again, all three
metals become passive or inert when exposed to certain oxidising
influences such as anodic polarisation in alkaline solution. This is
usually attributed to the formation of a skin of oxide upon the surface
of the metal which protects the under layers from attack ; but probably
no single explanation will suffice for every case. Hydrogen is readily
occluded by each of the metals to an extent dependent upon a variety
of factors such as temperature, length of exposure to the gas, and the
physical condition of the metal.

-"On the other hand, the metals exhibit an interesting gradation in
properties. For example, the melting- and boiling-points gradually fall
as we pass from iron to nickel. Whilst it is true that all three metals
are magnetic at ordinary temperatures, iron retains this property at
very high temperatures, cobalt loses it at about 1150° C., and nickel
at 320° C.

Each of the metals is stable in dry air, and neither cobalt nor nickel
is greatly affected by moist air, merely becoming tarnished in process
of time.” Iron, however, readily rusts under such conditions, yielding
a reddish brown, pulverulent mass of oxide which tends to stimulate
further corrosion. In this respect iron is unique.

In the finely divided condition each of the metals can act as a
catalyser, as, for example, in the reduction of unsaturated hydro-
carbons. Thus acetylene in the presence of excess of hydrogen on

L Phillips, 4dmer. Chem. J., 1894, 16, 163.
¢ Curtman and Rothberg, J. Amer. Chem. Soc., 1911, 33, 718.
3 Cohen and Strengers, Zeitsch. physikal., Chem., 1908, 61, 698.
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coming into contact with the metals at temperatures somewhat below
200° C. is reduced to methane, ethane, ete., liquid petroleum being also
formed. Nickel acts most vigorously, but cobalt is less active, whilst
iron will not act in all reactions.

Compounds.—Even a superficial study of the derivatives of iron,
cobalt, and nickel shows that a decided gradation in properties occurs
as we pass from iron through cobalt to nickel. Thus iron readily forms
two classes of salts, namely, ferrous and ferric, in which the metal is
respectively divalent and trivalent. Of these the ferric salts are
generally speaking the more stable. Nickel, on the other hand, usually
functions as a divalent metal, and although evidence appears to have
been obtained in favour of the possibility of the momentary existence
of salts of trivalent nickel, such salts are unstable in the very highest
degree. Cobalt lies between these two extremes, for although its
ordinary trivalent derivatives are unstable, double salts in which
cobalt has a valency of three are not only well known, but are remarkable
for their stability.

By way of illustrating the foregoing it is instructive to study the
cyanogen derivatives of the metals. On adding a solution of potassium
cyanide in excess to one of a ferrous salt the precipitate first formed
readily passes into solution yielding potassium ferrocyanide, K ,Fe(CN),,
in which the iron continnes to function as a divalent metal. The
aqueous solution contains the complex ion Fe(CN),””, which consti-
tutes the negative radicle. Upon oxidation potassium ferricyanide,
K,Fe(CN), is produced, which contains the negative radicle Fe(CN),"”
in which the iron is trivalent. Cobalt behaves in an analogous manner,
yielding cobalto- and cobalti-cyanides, although the former are not
characterised by great stability. It is otherwise with nickel, however,
for salts of this metal on treatment with excess of potassium cyanide
solution yield potassium nickelo-cyanide, K,Ni(CN),. The divalent
negative 1on Ni(CN),” is present in solutions of this salt, so that the
foregoing formula is probably more correct than 2KCN.Ni(CN),.
Nevertheless the salt is readily decomposed by addition of oxidising
agents, such as sodium hypobromite, yielding a black precipitate of
nickel peroxide. Indeed, this difference in behaviour between cobalt
and nickel salts is made use of in separating the two metals in quali-
tative analysis, for nickeli- -cyanides are not known.

Carbon readily dissolves in molten iron, yielding the carbide Fe,C,
known technically as cementite. It is this power of absorbing carbon
that renders iron so extremely valuable for metallurgical purposes, since
its physical properties are entirely transformed thereby. From a
relatively soft metal it may be converted into one exhibiting all grades
of hardness up to that which readily enables it to scratch glass. Its
other physical properties, such as elasticity, tensile strength, brittleness,
ete., are also stupendously influenced by the presence of carbon. In-
deed, in this respect, iron is unique amongst the metallic elements.

Carbon dissolves likewise in molten cobalt, and at very high tempera-
tures the carbide CosC is produced, but the carbide decomposes into
cobalt and graphite with such rapidity upon cooling that it cannot be
detected even in quenched specimens. The nickel analogue, Ni,C, has
also been obtained. These substances, however, do not possess a tithe
of the interest or importance attaching to their iron analogue,

! Rossi, Gazzetta, 1915, 45, 6,
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All three metals unite with carbon monoxide to form tetracarbonyls
of general formula M(CO),. Of these the iron derivative yields dark
green prismatic crystals which are stable under ordinary conditions
but dissociate into metallic iron and carbon monoxide at 140° to 150° C,
Cobalt tetracarbonyl likewise occurs in the solid condition at ordinary
temperatures, in the form of orange crystals, which, however, decompose
on exposure to air, yielding a basic ecarbonate. The nickel analogue is
a liquid, boiling at 43-2° C., and solidifying at — 25° C.

Iron unites with oxygen to form three we.l-defined oxides, namely,
ferrous oxide, FeO; ferroso-ferric oxide, Fe;O,; and ferric oxide,
Fe,0,. These are basic in character as a rule, although ferric oxide
also possesses feeble acidic properties, as evidenced by the fact that
derivatives of calcium, lead, copper, and other metals have been
obtained. The dioxide, FeO,, has-not been isolated, but ferrites have
been prepared, such as barium ferrite, BaO.FeO, or BaFeQy,, in which
the oxide functions as an acid radicle. Similarly attempts to prepare
the trioxide, FeO,, have hitherto proved abortive although barium
ferrate, BaFeO,, is known.

Cobalt likewise yields a monoxide, CoO ; cobalto-cobaltic oxide,
Co,0,; and cobaltic oxide, Co,0;. The last named is interesting
inasmuch as its hydrate, Co(OH),, dissolves in hydrochloric acid evolving
chlorine, thus behaving like a peroxide. In this respect it closely
resembles nickel dioxide, and the resemblance is all the more striking
since nickel does not appear to yicld a sesquioxide. Cobalt dioxide,
C00,, has also been prepared ; it unites with bases to form cobaltites.

Both nickel monoxide, NiO, and nickelo-nickelic oxide, Ni;O,, are
known, but, as stated above, there is a doubt about nickelic oxide,
Ni,0,, the substance usually described as such being in all probability
the dioxide, NiQ,. Barium nickelite, BaO.2NiO,, has been prepared.

Ferrous hydroxide, Fe(OH),, and cobaltous hydroxide, Co(OH),,
are characterised by the readiness with which they absorb oxygen
from the air, yielding brown oxidised products. Nickelous hydroxide,
Ni(OH),, on the other hand,.is oxidised considerably less readily.

Cobalt sesquisulphide, Co,S;, results when a mixture of sulphur and
the carbonates of cobalt and potassium are raised to white heat. Nickel
in similar circumstances yields K,S.3NiS, and thus resembles palladium
and platinum, whereas cobalt behaves more like rhodium and iridium.
The position of nickel after cobalt in the Periodic Table is thus
supported. ;

The sulphates of divalent iron, ¢obalt, and nickel all occur in various
stages of hydration. The heptahydrates are isomorphous. With
sulphates of the alkali metals isomorphous double salts are formed
containing six molecules of water, and having the general formula
M,S0O,.RSO,.6H,0. Ferric sulphate and cobaltic sulphate are known,
but not nickelic sulphate. :

Both iron and cobalt, when trivalent, yield stable double sulphates
with ammonium and the alkali metals, containing twenty-four molecules
of water. These are known as alums, and to them the general formula
M,SO,.R,(SO,);.24H,0 may be ascribed. They usually crystallise in
well-defined octahedra. Nickel, on the contrary, does not yield salts
of this type, since nickelic sulphate cannot exist.

The chlorides of iron, cobalt, and nickel are of peculiar interest.
Ferrous chloride, when perfectly pure and free from water, is a white,
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scaly, crystalline substance, volatile at yellow heat in the absence of
air. It readily absorbs ammonia, yielding a voluminous white mass,
two definite ammoniates, namely, the diammoniate, FeCl,.2NH,, and
the hexammoniate, FeCl,.6NH;, having been isolated. The hydrated
salt contains four molecules of water and yields bluish, monoclinic
crystals. Solutions of ferrous chloride in' various solvents readily
absorb nitric oxide. Cobaltous chloride is, in many of its properties,
entirely different from the preceding salt. When anhydrous it oceurs
as blue crystalline scales. Numerous hydrates are known, of which
the hexahydrate is the most common, occurring as dark red monoclinic
prisms. In the cold, a saturated solution of cobalt chloride is rose-
coloured, but on warming it becomes violet between 25° C. and 50° C.,
and above the latter temperature it assumes a blue colour. This is
entirely characteristic of the cobalt salt, neither ferrous nor nickelous
chloride exhibiting this phenomenon. Cobaltous chloride yields a
hexammoniate, CoCl,.6NH,, in the form of dark rose-red octahedral
crystals when ammonia is passed into a concentrated aqueous solution
of cobaltous chloride in the entire absence of air. Nickelous chloride,
when anhydrous, occurs as golden scales which readily dissolve in
water, yielding on crystallisation green monoclinic prisms of the hexa-
hydrate NiCl,.6H,0, isomorphous with the corresponding cobalt salt.
Like ferrous chlorlde anhydrous nickelous chloride swells to a white
powder in the presence of ammonia, the hexammoniate, NiCl,.6NH,,
being produced.

Ferrie chloride is a well-known, stable salt; cobaltic chloride has
not been isolated although indications of its possible existence have
been obtained ; nickel does not yield a trivalent halide.

For the sake of easy comparison and contrast a few of the more
important compounds of iron, cobalt, and nickel are indicated in the
accompanying table :

Iron. Cobalt. Nickel.
Fe,C Co,C Ni,C
Fe(CO), Co(CO), Ni(CO),
(solid) (solid) (liquid)
K, Fe(CN), K ,Co(CN), K,Ni(CN),
K;Fe(CN), K;Co(CN), -
FeO CoO NiO
Fe 0, Co 0, Ni;O,
Fe, 04 Co,0, —
(FeO,) CoO, NiO,
FeS0,.711,0 CoS0,.7H,0 NiSO,.7H,0
1\12504.FeSO GH O | M,SO, CoSO 61 .0 | M,S0,.NiSO,.6H,0
Fey(SO,);.9H,0 Co (SO4)3 1‘8H 0 —
M,S0,.Fey(SOy);. M SO4 Co, (SO,,)3 —
24H,0 24H,0
Fe,N, Co,N, Ni,N,
FeCl, CoCl, NiCl,
FeCl, (? CoCly) —
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Position in the Periodic Table—In many respects iron, cobalt, and
nickel constitute interesting intermediaries between manganese and
copper. So close indeed is the connection between manganese, iron,
and cobalt, that manganese has frequently been taken out of Group VII
and placed in Group VIII along with iron, thus converting the first
triadic group into a tetradic one.! As illustrating the gradation in
properties on passing from manganese to nickel, it may be observed
that manganese, iron, and nickel yield carbides of the type M,C, the
heats of formation being as follow :

Mn,C 4+ 129 Cals.
Fe,C — 158
Ni,C — 894 =

The first named is stable, the second is slightly unstable, whilst
nickel carbide is characterised by great instability.?

Moissan 2 in 1880 called attention to the fact that the affinities of
chromium, manganese, iron, cobalt, and nickel for oxygen and the heats
of formation of oxides, chlorides, bromides, iodides, and sulphides
decrease as the atomic weights rise.

When a caustic alkali is added to a solution-of a ferrous salt, white
ferrous hydroxide is precipitated. This readily oxidises in air, yielding
brown, ferric hydroxide. A manganous salt behaves in a precisely
similar manner. It is instructive -to note, however, that when ammo-
nium hydroxide solution is added to one of a manganous salt in the
presence of ammonium chloride, the hydroxide is not precipitated,
and under similar conditions ferrous hydroxide is only partially thrown
out from a solution of a ferrous salt.

Although the dioxide FeO, has not been isolated with certainty,
derivatives such as strontium ferrite,® SrO.FeO,, and barium ferrite,
Ba0.FeO,, are known, corresponding to the manganites. Ferrates,®
corresponding in composition to the manganates, have also been
obtained, the most stable of which is the barium salt, BaFeO,.

Both iron and manganese yield divalent and trivalent series of
salts as exemplified by their chlorides, FeCl,, MnCl, ; FeCl;, MnCl,, and
sulphates, FeSO,, MnSO,; Fe,(30,);, Mny(SO,),. Further, manganous
chloride and bromide, together with their hydrates, are isomorphous
with the corresponding ferrous, cobalt, and nickel salts. Ferrous
sulphate is interesting, for it exists in several stages of hydration, the
heptahydrate, FeSO,.7H,0, and tetrahydrate, FeSO,.4H,0, being
isomorphous with the corresponding manganese salts, MnSO,.7H,0
and MnSO,.4H,0. The pentahydrate, FeSO,.5H,0, is isomorphous
with copper sulphate, CuSO,.5H,0, and mixed crystals of the two salts
are readily obtainable.

Manganic, ferric, ahd cobaltic sulphates yield with the sulphates
of the alkali metals well-defined isomorphous octahedral crystalline
compounds known as alums. These have the general formule

M,SO,.Mn,(SO,);.24H,0, M,S0,.Fe,)(S0,);.24H,0,
and M,SO,.Co,(SO,);.24H,0.

1 The main arguments in favour of this have recently been summarised by Bichowsky,
J. Amer. Chem. Soc., 1918, 40, 1040.

2 Ruff and Gersten, Ber., 1913, 46, 400.

3 Moissan, Ann. Chim. Phys., 1880, 21, 199.

4 Moeser and Borck, Ber., 1909, 42, 4279. ; =

s Rosell, J. Amer. Chem. Soc., 1895, 17, 760 ; Baschieri, Gazzeita, 1906, 36, [ii], 282,
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The sulphides of divalent manganese, iron, cobalt, and nickel are all
precipitated in neutral solution by addition of ammonium sulphide ; all
are insoluble in water, but soluble in mineral acids.

The carbonates, MnCO,, FeCO,, CoCO,. and NiCO,, are known, and
the natural carbonates of manganese and iron occur in very intimate
assoeiation.

Nickel, on the other hand, bears a close similarity to copper. It
does not, like copper, yield well-defined monovalent salts, but the
divalent salts of the two metals are similar. Both have a bluish or
greenish colour, whieh is enhanced by the addition of ammonia owing
to the formation of complex ammoniates. Pickering! has drawn
attention to the fact that the colour intensity of organic salts of nickel
decreases with dilution in a similar manner to that of copper deriva-
tives. The organic salts dissolve in caustic alkali to form compounds
resembling those yielded by copper. In some cases jellies are produced,
as with copper. For example, potassium nickelo-citrate yields, with
potassium hydroxide, a permanent dark green jelly.

Comparative Study of Iron, Ruthenium, and Osmium

The principal characteristics of these metals are shown in the table
on page 5. It will be observed that their densities rise steadily with
increased atomic weight, osmium in certain circumstances having a
greater density, namely, 24, than any other known substance.

All three metals yield dichlorides and trichlorides and, in the case
of ruthenium and osmium, series of complex salts are known under the
names of rutheno-chlorides or ehlor-ruthenites, M,RuCl;, and osmo-
chlorides or chlor-osmites, M;OsCl; or MCI. M,OsCl..

Ruthenium and osmium also yield series of more highly chlorinated
salts known respectively as chlor-ruthenates, M,RuCl;, and chlor-
osmates, M,0sClg. These are isomorphous. Iron does not yield
corresponding derivatives. It is interesting to note, however, that
ruthenium and osmium resemble iron in forming nitroso deriva-
tives. For example, FeCl,.NO, Ru(Cl;.NO.H,0, and osmiamic acid,
0OsNO.O.OH, are now well known.

Considerable resemblance may be traced between the oxides of
iron, ruthenium, and osmium. Although it is true that ruthenium
monoxide has not as yet with certainty been prepared whilst osmium
monoxide is believed to exist and ferrous oxide is exceedingly well
defined, yet all threec metals yield a sesquioxide of the type M,0;.

Iron dioxide is not known in the free state, but it can exist in com-
bination, as witness such ferrites as barium ferrite, BaFeO,. The
dioxides of ruthenium, RuO,, and osmium, QsO,, are known. The
former is isomorphous with cassiterite, Sn0,, and rutile, TiO,; and
combines with bases to form ruthenites, for example, barium ruthenite,
BaRuO,.

Osmium dioxide is characterised by its remarkable power of forming
what are commonly known as osmyl derivatives of general formula
M,;(0s0,)X,.

Iron trioxide can only exist in combination with bases, as, for
example, in barium ferrate, BaFeO,. Ruthenium does not yield a
separate trioxide either, although its derivatives are better known than

! Pickering, Trans. Chem. Sac., 1915, 107, 942,



CHARACTERISTICS OF THE ELEMENTS OF GROUP VIII 13

the corresponding iron ones. The best known of these is potassium

ruthenate, K,RuO,.H,0. Osmium yields a hydrated trioxide, known

as osmic acid,! 0sO;.11,0 or H,0s0,, the most important salt of
" which is potassium osmate, K,0s0,.211,0.

Potassium per-ruthenate, KRuO,, is analogous to, but not isomor-
phous with, potassium permanganate.

An interesting series of osmyl oxy-derivatives is known, containing
the radicle OsOy and to which the general formula M,(0s0,)X, is
given. ;

Ruthenium and osmium are unique in yielding tetroxides, RuQ,
and OsO, respectively ; the former, a golden yellow mass, melting at
25-5° C., and the latter a white crystalline substance of an exceedingly
poisonous nature. Both oxides are readily volatilised. Although these
oxides are soluble in water they do not yield hydroxides, and seem
incapable of acting like acidic oxides. This is remarkable in view of
the acidic tendencies of the higher oxides of most metals.

Iron combines with carbon monoxide to form three carbonyls, namely,
Fe(CO),, Fe(CO);and Fe,(CO),. Ruthenium yieldsa dicarbonyl, Ru(CO),,
when exposed at 300° C. to carbon monoxide under a pressure of 400
atmospheres. It thus resembles molybdenum, which forms Mo(CO),, and
which is situated in the same horizontal series in the Periodic Table.

Iron, ruthenium, and osmium yield complex cyanides in which the
metal enters the negative radicle. These are known respectively as
ferro-cyanides, M,Fe(CN),, rutheno-cyanides, M,Ru(CN),, and osmo-
cyanides, M,Os(CN),. Their salts exhibit close similarity, and are
isomorphous. In addition to ferrocyanides, iron yields a series of salts
known as ferricyanides of gencral formula M;Fe(CN),, and nitroso salts
termed nitro-prussides, M,Fe(CN),NO. This property is not shared by
ruthenium and osmium. In order to facilitate the comparison of the
compounds of the three metals under discussion, their more important
derivatives are given in the following table :

Iron. Ruthenium. Osmium.
FeCl, Ru(l, 0OsCl,
FeCl,.NO Ru(Cl;.NO.5H,0 =
FeCly © RuCl, : 0s(Cl,
— M,RuCl; MC1.M,0sCl,
== M,Ru(l, M,0sCl,
FeO (RuO) 0sO
Fe,04 : Ru,04 05,0,
(FeO,) RuO, 0s0,
BaFeO, BaRuO, ==
BaFeO, K,Ru0,.H,0 K,050,.2I1,0
— RuO, , 0s0,
IK,FFe(CN),.3H,0 K,Ru(CN),.811,0 K,0s(CN)¢.3H,0

1 Unfortunately the tetroxide, 0s0,, is usually mis-termed ‘¢ osmic acid.”
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Comparative Study of Cobalt, Rhodium, and Iridium

"'he principal characteristics of these metals are shown in the table
on page 5. It will be observed that their specific heats fall with
rise of atomic weight, as is to be expected from Dulong and Petit’s Law.
Their densities increase with their atomic weights.

In many ways metallic cobalt resembles iron and nickel in its
physical properties. Iridium has frequently been compared to gold in
virtue of its resistance to acids and general corroding media, but in its
colour and general physwal properties its resemblance to gold is not
so marked ; in fact it is much more like platinum.

The more important simple derivatives of cobalt are divalent, the
metal only yielding stable trivalent salts in conjunction with other
metallic derivatives, as, for example, the cobalti-nitrites and cobalti-
cyanides, orin the complex ammino derivatives. Rhodium and iridium
function almost exclusively as trivalent metals in their salts.

Cobalt yields a well-defined dichloride, CoCl,, but its trichloride has
not as yet been isolated, althoughindications of its possible existence
are not entirely wanting. The existence of rhodium dichloride, on the
other hand, is uncertain, but the trichloride, RhCl;, is well known. It
occurs in two varieties, one of which is anhydrous and insoluble in
water and acids, whilst the other form is hydrated and soluble. (Com-
pare chromium.)

Similarly iridium dichloride appears to be incapable of a separate
existence, although it occurs in combination, with certain other stable
salts, as, for example, IrCl,.X,SO;.2NH,Cl.4H,0.

Iridium, like rhodium, also forms a trichloride, IrCl;.

Although cobalt chloride can unite with other chlorides to form
double salts, no well-defined series of such salts exists. Rhodium and
iridium trichlorides yield hexachlor-rhodites and hexachlor-iridites
respectively, of general formule Mz;RhCl; and M;IrCl,. These are
isomorphous, and are analogous in constitution to the hexachlor-
osmites, M;OsCl,.

Rhodium is unique in forming a second scries of salts, namely, the
pentachlor-rhodites, of general formula M,RhCl;, in which respect it
resembles ruthenium.

On the other hand, iridium yields a tetrachloride, IrCl,, and this,
with chlorides of the alkali metals, produces a series of salts known as
hexachlor-iridates, of general formula M,IrCl, isomorphous with the
analogous ‘'derivatives of osmium, ruthenium, palladium, and platinum.
These form an interesting link between these metals.

Cobalt monoxide is a well defined chemical entity, but the e‘(lstence
of monoxides of rhodium and iridium has not as yet been satisfactorily
demonstrated. All three metals yield sesquioxides, of the type R,0,
and dioxides, of the type RO,. The last named exhibit weak acidic
tendencies in that they can unite with bases to form cobaltites, rhodites,

“and iridites respectively, analogous to the ferrites, ruthenites, and
osmites mentioned in the previous section, and exhibiting an interesting
relationship to the chromites and manganites.

Cobalt, rhodium, and iridium yield sulphates of the type Ry,(SO,),,
and these combine with sulphates of the alkali metals to produce alums,
of the general formula M,SO,.R,(S0,);.24H,0. These are well-defined
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crystalline salts, isomorphous with the better known iron, manganese,
and aluminjnm-alums.

Cobalt and rhodium yield complex molybdates which are chemically
and crystallographically analogous to the corresponding complex
molybdates of aluminium, iron, and chromium.!

Cobalt yields an interesting series of double nitrites, the most
important member of which is Fischer’s salt or potassium cobalti-
nitrite, K3Co(NQ,)¢.2H,0. Rhodium shares this property to a con-
siderable extent, and the potassium salt. K;Rh(NO,),, may be used in
an analogous manner to Fischer’s salt, namely, in the preparation of
pure rhodium, and also for the quantitative estimation of that metal.

Iridium, too, yields double nitrites, the potassium salt, K;Ir(NO,),,
in particular having been isolated. Tt is conceded, however, that the
double nitrites of iridium are less important than those of the two
preceding metals.

Cobalt, like iron, yields complex cyanide derivatives known respec-
tively as cobalto-cyanides, M,Co(CN),, and cobalti-cyanides, M,;Co(CN),.
Of these, the latter alone are important. Rhodium and iridium in a
similar manner yield rhodi-cyanides, MyRh(CN),, and iridi-cyanides,
M,Ir(CN),.

Cobalt, rhodium, and iridium are also characterised by their power
of yielding complex ammino derivatives, and in this manner resemble
palladium and platinum. These derivatives are a remarkable series of
substances entirely distinct in most of their properties from the more
usual inorganic salts of the metals in question, and are dealt with
separately in Volume X of this Series.

In order to assist in the direct comparison of the chief derivatives
of cobalt, rhodium, and iridium, the following table has been compiled :

Cobalt. Rhodium. Iridium.
CoCl, o, =
(CoCl,) RhCl, IrCl,
T~ — II‘C],;
s M,Rh(l, M,IrCl,
=S M,RhCl, &3
= 2 M,IrCl,
Co0 (RhO) (Ir0)
0,0, Rh,0, Ir,0,
Co0, RhO, 10,
Coy(S0,), Rhy(S0,), Ir2(504?3
M,S0,.C0,(S0,);. | M,S0,.Rhy,(SO,),. M,S0,.Irs(SO )
24H20 24H20 24H,0
M,Co(NO,), M,Rh(NO,), M,Ir(NO,)
M,Co(CN), M,Rh(CN), M,Ir(CN)g
Ammino derivatives Ammino derivatives Ammino derivatives

1 See Barbieri, Aiti R. Accad. Lincei, 1914, [v], 23, i, 334.
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Comparative Study of Nickel, Palladium, and Platinum

Examination of the table on page 5, which gives the principal
physical data concerning these metals, reveals the fact that the
densities rise but the specific heats fall with increasing atomic weight.
This latter observation is quite in accord with Dulong and Petit’s
Law.

Metallic nickel closely resembles cobalt both in its physical and its
chemical properties, and platinum exhibits many analogies to iridium,
whilst rhodium also exhibits certain analogies to palladium. For
example, the two last-named metals are both converted into sulphates
on fusion with potassium hydrogen sulphate, whereas neither platinum
nor iridium is affected by this treatment. On the other hand, palladium
appears to stand apart somewhat in certain respects. Thus, it is
unique in displacing mercury from its eyanide. Just as nickel resembles
copper in many respects, so can an analogy be traced between palladium
and silver, which latter is its adjoining element in the second long hori-
zontal period in the Periodic Table. For example, on solidifying from
the molten condition in an oxidising atmosphere palladium * spits ”
just like silver, yielding a hollow ingot. Platinum similarly resembles
gold in many of its properties, to wit, its resistance to acid attack ; its
solubility in aqua regia ; and its ready reduction from its salts.

Palladium is characterised by a remarkable power of absorbing or
occluding hydrogen. The actual volume of gas absorbed depends not
merely upon the temperature, but upon the physical condition of the
metal, and at ordinary temperatures ranges from about 875 to 850
volumes per unit volume of compact palladium. Nickel and platinum
share this property, but to a very much smaller extent.

Nickel behaves as a divalent element, and :ts dichloride, NiCl,, is a
well-defined salt, no higher chloride being known. Palladium is
similar, but its dichloride, PdCl,, yields a series of double salts with
the chlorides of the alkali metals. These have the general formula
M,PdCl,, and are known as tetrachlor-palladites. Platinum resembles
palladium in this respect, platinum dichloride, PtCl,, and chlor-platinites
of the type M,PtCl,, being well known. Potassium chlor-palladite is
isomorphous with potassmm chlor-platinite.

Palladium does not form stable higher chlorides, although the
trichloride has been obtained in solution and the tetrachloride can
exist in combination, giving rise to a series of salts, namely, hexa-
chlor-palladates, M,PdCl,, These are analogous to, isomorphous
with, but not as stable as, the hexachlor-platinates, M,PtClg,
which are better known, and which are derived from platinic chloride,
PtCl,, a well-defined and stable salt. Similarly pentachlor-palladites,
M,PdCl;, and pentachlor-platinites, M,PtCl;, are known. The tri-
chloride of platinum, PtCl;, has also been isolated. The fact, however,
that pentachlor-palladites and hexachlor-palladates can exist at all,
whilst nickel yields no such compounds, affords an interesting link
between palladium and platinum, and further justifies the inter-
mediate position of palladium between nickel and platinum in the triad
under discussion.

It is interesting to compare these chlor- palladates and chlor-
platinates with the corresponding derivatives of iridium and osmium,
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with which they are isomorphous. And it is worthy of note that
the chlor-platinates are isomorphous® with the chlor-stannates,
M,SnCl,.

Electrolysis of platinic chloride solution shows that the platinum is
present in the complex anion, and not in the cation, as would be expected.
In this respect the metal resembles gold,? since electrolysis of AuCly. H,0
yields to similar conclusions.

Nickel, palladium, and platinum yield monoxides and dioxides; the
dioxides of nickel and platinum exhibit feebly acidic tendencies as
manifested by the existence of such compounds as barium nickelite,
Ba0.2NiO,, and potassium platinate, K,Pt0,.3H,0 or K,Pt(OH),.
This latter substance is isomorphous with potassium stannate,
K,Sn0,.8H,0, and thus affords another interesting link between
platinum and tin.

Nickel nitrite can unite with the nitrites of certain other metals to
yield triple salts resembling in appearance, though not in constitution,
the cobalti nitrites. The triple salt, 2KNO,.Ca(NO,),.2Ni(NQ,)},, is a
case in point, being insoluble in water and having a yellow colour
closely similar to that of Fischer’s salt.

Both palladium and platinum, particularly the latter, yicld regular
series of complex nitrites in which the metal enters the negative radicle.
These are known respectively as ' pallado-nitrites, M,Pd(NO,),, and
platino-nitrites, M,Pt(NO,),.

Nickel yields a tetracarbonyl when, in a finely divided condition, it
is warmed in a current of carbon monoxide. Both palladium black and
platinum black absorb carbon monoxide, yiclding what appears to be
a compound, although attempts to isolate the substance have not as
vet proved successful. On heating to 250° C. the substances decompose,
evolving carbon monoxide.

Nickel cyanide combines with potassium cyanide to form potassium

Nickel. Palladium. Platinum.
NiCl, ; — PdCl, ; M,PdCl, PtCl,; M,PtCl,
i Pdc1,.co PtCl,.CO
— — PdCl,; M,PdCl; PtCly; M,PtCl,
e L — " M,PdCI, PtCl, ; M,PtCl,
NiO ; NiSO, PdO; PdSO, PtO; —
Ni,0, e Pt,0,
s = Pt,0,
NiO, ; — PdoO,; — PtO, ;PtPt(SO4)2
e ST 3
Ni{NO,),; M,Ni(NO,),| — M,Pd(NO,), —  M,Pt(NO,),
Ni,C; Ni(CO), St ; — —
Ni(CN), ; M,Ni(CN), | PA(CN),; M,Pd(CN); | Pt(CN),; M,Pt(CN),
S e —_— — Pt(CN);; MPt(CN),
Ammoniates Ammoniates Ammines

1 This analogy has been studied by Beliucei and Parravano, Aiti R. Accad. Lincei,

1904, [v], 13, ii, 307.

2 Hittorf and Salkowski, Zeitsch. physilal. Chem., 1899, 28, 546.
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nickelo-cyanide, K,Ni(CN),. Although in solution the ion Ni(CN)," is
present, the compound is unstable, being readily decomposed by
oxidising agents such as sodium hypobromite, with deposition of a
black hydrated oxide of nickel.

Palladium and platinum likewise yield pallado-cyanides, M,Pd(CN),,
and platino-cyanides, MyPt(CN),, which are isomorphous.

Nickel salts readily combine with ammonia to form ammoniates, as,
for example, the hexammoniates of nickel chloride, NiCl,.6NHj, and
sulphate, NiSO,.6NH,. Palladium salts act similarly.

Platinum salts yield complex ammino derivatives resembling those
of cobalt. These are entirely distinet from the more usual inorganic
salts of these metals, and are dealt with in Volume X of this Series.

For the sake of easy comparison, a few of the more important
compounds of nickel, palladium, and platinum are given in the table
on page 17.



CHAPTER II
COBALT AND ITS COMPOUNDS

COBALT
Symbol, Co. Atomic weight, 58-97 (O = 16)

Occurrence.—Cobalt very seldom occurs free in nature. It is found
alloyed with iron in meteorites, but only in small quantity. The ores
of cobalt are not widely distributed like those of iron, and this is
a serious handicap in the commercial development of the metal.
The more important ores are as follow: cobaltite, cobalt glance, or
bright white cobalt, CoAsS, found in Sweden. It crystallises in cubes,
octahedra, and pyritohedra; hardness 5-5; density 6:2. It is silver-
white in colour and has a metallic lustre. Glaucodote has a similar
chemical composition, but contains iron as well. Formula, (FeCo)AsS ; -

. crystal form, orthorhombic. Smaltite, CoAs,, occurs in Saxony and
Bohemia, and crystallises in cubes and cubo-octahedra ; hardness 55 ;
‘density 6-2. It forms isomorphous mixtures with the corresponding
arsenide of nickel, NiAs,, known as chloanthite, different specimens
containing varying amounts of the two metals, as well as, not infre-
quently, iron and sulphur. Another diarsenide of cobalt occurs in
nature as the mineral safflorite, CoAs,, and contains iron. It crystallises
in the orthorhombic system. Skutterudite, a Norwegian mineral
crystallising in octahedra, is the triarsenide, CoAs;.

A fairly common mineral is the ortho-arsenate, Co;(AsO,),.8H,0,

_known as erythrite, or cobalt bloom. It is crimson in colour and iso-
morphous with vivianite (ferrous phosphate). Other minerals are
asbolan, earthy cobalt, or wad, (CoMn)0.2Mn0,.4H,0; and linneite,
(CoNiFe);S,. The former contains anything from 2 to 20 per cent.
of cobalt, and is found in New Caledonia and in Spain. Bismuto-
smaltite, Co(AsBi);.  Carrollite, Co,CuS,. Willyamite, NiCoSb,S,.
Jaipurite, CoS.

Cobalt District, Ontario, Canada, contains the most important ores
of cobalt in the form of arsenides, associated with nickel and silver,
the last-named metal rendering the ores very valuable. Their cobalt
content ranges from 9 to 18 per cent.

The presence of cobalt in the sun’s photosphere has been determined
spectroscopically.!

For the sake of convenient reference, the foregoing minerals are
given in the table on page 20, together with their more important
physical constants.

History.—The word cobalt is the same as the German Kobold, and
Greek «dBalos, a gnome or malicious “Sprite, and is akin to the wm:d
goblin. Kobold was applied to a mineral associated with silver ores in
Saxony, the name being given by the miners because they regarded
the ore as poisonous (Skeat).. Up to 1540 the mineral was regarded
as useless, but Scheurer found that it would colour glass, and that

1 Lockyer, Compt. rend., 1878, 86, 317.
19
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Hardness| Crystallo-
Mineral. Chemical composition. | Colour. {Density| (Mohs' | graphic
scale). | system.
Asbolan or asbolite . See Wad 3
Bieherite or cobalt CoS0,.7H,0 Flesh- 19 — —
vitriol g colour
Bismuto-cobaltite . Co(AsBi); — - — —
Carrollite o 2 Co,CuS, Steel-grey| 4-85 55 Cubie
Cobalt bloom . 5 See Erythrite
Cobalt glance . 5 See Cobaltite
Cobaltite T CoAsS Silver- 6-2 55 Cubic
v white
Earthy cobalt 5 See Wad
Erythrite orerythrine| Cog(AsQ,),.8H,0 Crimson | 2:95 | 1-5-2-5 | Monoclinic]
Glaucodote . = (FeCo)AsS Tin-white| 595 5 Rhombic
Jaipurite ' or Sye- CoS Grey 5-45 — —_
poorite ;
Linnzite 5 5 {CoNiFe),S, ’ 55 4:8-5 Cubic
Safflorite 3 > CoAs, Tin-white{6:9-7-3| 4:5-5 | Rhombic
Skutterudite . 3 CoAs, 3 6-7 6 Cubic
Smaltite. 3 3 CoAs, 5 6:2 55 Cubic
Wad . . . {(CoMn)0.2Mn0,.4H,0| Black or | 0:-5-6 | 3-4-3 !Amorphous
blue-black

gave it a commercial value. In 1783 Brandt first prepared a specimen
of impure metallic cobalt, its identity being confirmed by Bergmann
in 1790. and again by Tassaert in 1799. The rcal study of the chemistry
of cobalt compounds dates back to the researches of Thénard (1802)*
and of Proust (1806).2

Preparation of Cobalt.—The metallurgy of cobalt is complicated by
the fact that cobalt ores invariably contain a certain amount of nickel.
Since these two metals closely resemble one another in their chemical
properties it will be evident that their complete separation on a com-
mercial scale is a matter of considerable difficulty. It is not usually
required, however. The details of the actual methods employed in the
commercial production of cobalt are kept fairly secret, more particularly
as regards the initial stages of the preparation of the crude oxide. We
shall, therefore, content ourselves by giving in outline accounts of a few
different methods that may be employed. It is convenient to discuss
the subject in three sections, namely :

1. Preparation of cobalt oxide from cobalt ores.
II. Purification of coba't oxide.
III. Preparation of metallic cobalt from its oxide.

L. Preparation of Cobalt Oxide from Cobalt Ores.

(a) Arsenical Ores.—Wohler’s method consists in fusing the finely .
divided arsenical ores such as smaltite, skutterudite, and cobaltite with
three parts by weight of potassium carbonate and three of sulphur. An
impure cobalt sulphide results, together with a sulpho-arsenate of
potassium, which latter is readily extracted with water. Tle insoluble
residue is again treated in the same manner, and the resulting cobalt

1 Thénard, Ann. Chim. Phys., 1802, [i], 42, 210.
2 Proust, ikid., 1808, [i], 60, 260.
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sulphide, after extraction with water, is free from arsenic,! but it still
contains nickel, iron, lead, copper, and bismuth in the form of sulphides.
Prolonged roasting in air or treatment with nitric acid converts all the
metals into their sulphates, in which condition they are dissolved in
water. Passage of hydrogen sulphide through the acidulated solution
precipitates the lead, copper, and bismuth as insoluble sulphides, and
the solution containing iron, nickel, and cobalt is filtered off. Addition
of nitric acid and calcium carbonate at the boiling-point effects the
oxidation and precipitation of the iron in a basic condition, leaving the
sulphates of cobalt and nickel in solution.

Liebig’s procedure 2 consists in heating the finely divided ore to
redness with potassium hydrogen sulphate until fumes cease to be
evolved. On cooling; the mass contains a soluble double sulphate of
cobalt and potassium, which can be extracted with water, leaving a
residue containing insoluble compounds, mainly oxides and arsenic
derivatives of iron, nickel, and some cobalt.3

It is doubtful if these methods have ever been employed for manu-
facturing purposes. European arsenical cobalt ores have been worked
for cobalt oxide by a process similar to that deseribed later (see p. 86)
for working up arsenical nickel ores. Moreover, a certain amount of
cobalt oxide is also derived from the arsenical nickel ores, since these
usually contain appreciable quantities of cobalt.

The Kuropean arsenical ores have now been largely displaced by
those from Cobalt District, Ontario, which have been worked for some
years by the Canadian Copper Company, who have employed the
following process 4 : &Y

The ore is crushed and ground in ball mills to pass through a 80-mesh
sieve. It is mixed with suitable fluxes (limestone and quartz) and
smelted in small blast-furnaces having a capacity of 25 to 30 tons
per twenty-four hours. The products obtained are (i) flue dust, which
1s returned to the furnaces, and crude arsenious oxide, which is re-
sublimed and sold ; (ii) a silicate slag, which is thrown away unless it
contains more than 10 ounces of silver per ton; (iii) crude silver bullion,
which is mechanically detached and cupelled to a fineness of 994 before
it is sold to silver refiners; and (iv) a speiss of cobalt, nickel, iron, and
copper arsenides, containing considerable amounts of silver. The crude
silver bullion contains about three-fourths of the silver present in the ore.

The speiss is crushed and ground with 20 per cent. of sodium
chloride till it passes a 30-mesh sieve, and then roasted in reverberatory
furnaces. The chloridised product is extracted with water to remove
unchanged salt and soluble compounds of cobalt, nickel, and copper.
The copper is removed from the liquor by treatment with scrap-iron,
and the cobalt and nickel are then precipitated with caustic soda, and
the precipitate washed, dried, calcined, and ground. It contains about
40 per cent. of cobalt to 8 per cent. of nickel, since the latter is not
attacked so readily as the former in chloridising the speiss ; the mixed
. oxides also contain about 15 ounces of silver per ton.

1 See Wohler, Pogg. Annalen, 1826, 6, 227 ; Duflos, Schweigger’s J., 1830, 60, 355.

2 Liebig, Pogg. Annalen, 1830, 18, 164.

3 Other methods have been suggested, chief among which are those of Trommsdorff,
Ann. Chim. Phys., 1798, 26, 89; 1805, 54, 327; Quesncville, J. Phkarm. Chim., 1829,
15, 291, 411 ; Louyet, J. prakt. Chem., 1849, 46, 244 ; Patéra, ibid.,1856, 67, 21 ; De Witt,

ibid., 1857, 71, 239. - g
4 Bridges, Canadian Mining J., January 15, 1916 Efg. Mining J., 1616, 101, 646,
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The residue from the chloridised speiss, after extraction of soluble
cobalt and nickel salts, is extracted with sodium thiosulphate, to
dissolve out silver chloride, which is recovered as the sulphide and
reduced to metal. The residue is dried, ground, and smelted with
quartz to remove most of the iron as a slag. This slag is reworked
with more ore in the blast-furnaces, as it contains silver and cobalt.
The new speiss simultaneously produced is treated as described above
for recovering cobalt and nickel, copper, and silver. The final residue
is dried, mixed with 20 per cent. of sodium nitrate and 10 per cent. of
sodium carbonate, and roasted in reverberatory furnace to convert the
arsenic into sodium arsenate, which is extracted with hot water. The
dried residue has the following average composition :

Cobalt . : s 3 X . 307 per cent.
Nickel . 5 . z " . 285 -
Arsenic 3 P 2 g SN ()] =1
Silver . : : : : . 34:6 oz. per ton

and is sold to cobalt and nickel refiners. Between December 1905 and
February 1913, it is stated ! that more than

40,000,000 ounces of silver,
2,200,000 pounds of cobalt,
1,500,000 pounds of nickel,
4,500,000 pounds of pure white arsenic (As,0,),

were produced by the foregoing method.

(b) Oxide Ores.—Herrenschmidt’s method ? is said to consist in
mixing the powdered mineral (wad) to a thin paste with ferrous sulphate
solution, and heating to boiling. Sulphates of cobalt, nickel, and
manganese pass into solution, whilst iron oxide, silica, and alumina
remain behind as an insoluble residue. Thus :

2FeSO, + MnO, + CoO = Fe,O; + MnSO, + CoSO,,
2FeSO, + Co,0, = Fe,0; -+ 2C0S0,.

After filtration, addition of sodium sulphide to the clear solution
effects the precipitation of the three metals, cobalt, nickel, and manga-
nese, as sulphides. Digestion with the calculated quantity of ferric
chloride oxidises the manganese sulphide to sulphate, which passes into
solution. The residue consists of cobalt and nickel sulphides, which
are washed and converted into their soluble sulphates by roasting.
The sulphates are extracted with water, and converted into chlorides
by addition of calcium chloride solution. Their separation is effected
as follows : The requisite fraction of the chloride solution is precipitated
with milk of lime, and the insoluble hydroxides of nickel and cobalt
thus obtained are oxidised to the black hydroxides by treatment with
chlorine. The washed precipitate is then introduced into the remainder
of the chloride solution and the whole is well stirred and heated, when
the black hydrated oxide of nickel passes into solution, displacing the
remainder of the cobalt from the solution into the precipitate. The
final product is thus a suspension of hydrated peroxide of cobalt in a
solution of nickel chloride, from which the cobalt precipitate is removed
by filtration, washed, and ignited to the black oxide.

1 Bridges, loc. cit.
2 Described by Copaux, Traité de Chimie- Minérale, by Moissan, 1905, vol. iv,
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I1. Purification of Cobalt Oxide

Cobalt oxide obtained by the foregoing methods always contains a
little oxide of nickel besides small amounts of other impurities. The

following analyses of two Canadian samples of the commercial oxide !
will serve to illustrate this point :

Co. Ni. Fe. S. As. 8i0, Ca. Ag. Insoluble
residue.

(1) 7036 112 082 045 010 020 050 — —
(2) 692 14 050 0354 — — 037 trace 146

Since nickel and cobalt closely resemble one another in their general
properties, it is, as already stated, generally unnecessary for commercial
purposes to effect a complete separation of the two metals. Should
such be necessary, however, to obtain a purer oxide of cobalt than the
ordinary commercial grade, several methods may be adopted.

The crude oxide is dissolved in hydrochloric acid. To the warm
liquor finely divided calcium carbonate is added gradually, with stirring,
until no further precipitate is obtained. The precipitate being removed
by filtration, the solution is free from iron, arsenic, and silica. The
solution is then precipitated with a solution of bleaching powder,?
added slowly with constant stirring until almost the whole of the
cobalt is precipitated as black hydrated oxide. By this means practi-
cally none of the nickel is thrown down. The precipitate is washed,
dried, and calcined to oxide. It is then boiled with sodium carbonate
solution to convert any calcium sulphate into carbonate, and after
thorough washing, is treated with very dilute hydrochloric acid to
remove the calcium carbonate. Finally the oxide is washed, dried, and
calcined.

By treating a crude oxide of composition (1) above in this manner,
the product had the following composition ! :

Co. Ni. Fe. S. As. Ca. Si0,.
71-99 0-041 0-11 0-02 none 0-02 none

It will be observed that practically the whole of the nickel may be
removed by this simple process.

When it is necessary to remove the nickel completely, the following
processes are available :

(1) The preparation of cobalt chloropentammine chloride,

o I

from solutions of cobalt salts containing nickel has been adopted as a
useful commercial method of isolating the cobalt.? It is a crystalline salt,
reddish violet in colour, nearly insoluble in concentrated hydrochloric
acid, and is readily obtained by adding 8 parts of concentrated aqueous
ammonia, containing a little ammonium chloride, to 4 parts of crystal-
lised cobalt chloride dissolved in a small quantity of water.” After
aspirating air through for several hours and then exposing to air

! Kalmus, J. Ind. Eng. Chem., 1914, 6, 107. S :

2 When fractional preeipitation with a hypochlorite is used, and the solution contains
sulphate in quantity, sodium hypochlorite should be employed. -

3 Soerensen, Zeitsch. anorg. Chem., 1893, 5, 354; Copaux, Ann. Chim. Phys., 1905,
[viii], 6, 508, '
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for two to three days the mixture assumes a red tint, whercupon it is

acidified with hydrochloric acid, and a voluminous precipitate of the
cobaltammine is obtained. This is washed with aqueous hydrochloric

acid, and may be worked up into any desired cobalt salt. Any nickel

present in the original solution remains unaltered, a complete separation

of the two metals being thus effected.

(2) Cobalt chloride readily dissolves in ether saturated with hydrogen
chloride, yiclding a blue solution. Nickel chloride, on the contrary, is-
insoluble, being precipitated as the yellow, anhydrous salt. The
separation of nickel from cobalt chloride may thus be effected as follows :

A kilogram of crystallised cobalt chloride, already freed from
metals other than nickel, is dissolved in 1600 grams of concentrated
hydrochloric acid and poured into 6 litres of ether saturated with
hydrogen chloride. After filtration the ether is evaporated off, leaving
a residue of cobalt chloride.!

(3) Fischer’s Nitrite Process hinges on the fact that when potassium
nitrite is added in excess to a solution of a cobalt salt containing free
acetic acid, a yellow precipitate of potassium cobalti-nitrite is obtained.
Nickel does not yield an insoluble salt under these conditions, and an
cffective separation of the two metals may thus be made.?

(4) Mond’s Process—A very complete separation of nickel from
cobalt may be effected by reducing to the metallic condition and
removing the nickel in the form of volatile nickel carbonyl by heating
in a current of carbon monoxide.® Cobalt does not yicld a carbonyl
under the same conditions.

I11. Preparation of Metallic Cobalt from its Oxide

- Commercial oxide of cobalt, as obtained from the smelters, consists
essentially of cobalto-cobaltic oxide, Co,0,, and a careful study has
been made by Kalmus 4 of the conditions under which this oxide may
be reduced to metallic cobalt.

(1) Reduction of the Oxide with Carbon.—By heating cobalto-cobaltic
oxide with carbon in a furnace reduction ensues, carbon monoxide or
dioxide or a mixture of the two being evolved according to circumstances.
Thus :

Co,0, + 4C = 3Co 4 4CO
Co,0, + 4CO = 38Co + 4CO,.

Charcoal and lampblack effect the reduction more easily than anthracite,
complete reduction being effected with the former at 900° C., some
20 to 30 per cent. of charcoal in excess of that required in the above
equation being desirable. At higher temperatures the reduction pro-
cceds much more rapidly. By brlquettmnr the charcoal and cobalt
oxide, using some organic material, such as molasses, as binder, redue-
tion may be effected at a slightly lower temperature.

In the commercial production of cobalt the oxide is usually heated
with charcoal in the manner described for nickel.

! Pincrua, Compt. rend:, 1897, 124, 862.

2 Bee p. 60.

3 Details of Mond’s process are given on pp. 87-88.

4 Kalmus, Canadian Department of Mines, Ottawa, 1913, Report 259; J. lﬂd Fng.
Chem., 1914, 6, 107.
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(2) Reduction of the Oxide with IHydrogen.—This begins at 190° to
200° C., and proceeds easily at 250° C.! Between 500° and 700° C.
more than 90 per eent. of the oxide is reduced in a few minutes, but
further reduetion is slow. As the temperature rises the reduetion
becomes more rapid and complete, whilst at 1100° C. it is rapidly
completed. The cobalt must be cooled in hydrogen as it is very
susceptible to oxidation. For the production of a pure, carbon-free
metal this method is recommended.?

(8) Reduction of the Ozide with Carbon Monoxide.——Reduction of
cobalto-cobaltic oxide to the metal takes place rapidly, and is quite
complete at 900° C. Between 350° and 450° C. the reaction is very
interesting. At first some oxide is reduced to metallic cobalt; after
a time the finely divided metal decomposes the carbon monoxide,
depositing solid carbon, presumably in the same way as its analogue,
iron, namely :

Co -+ 2C0 = Co + C + CO,.

At about 600°- C. the cobalto-cobaltic oxide is reduced to cobaltous
oxide, CoQ, and if this is removed from the furnace and exposed to the
air it becomes incandescent in consequence of re-oxidation to the higher
oxide :

6Co0 - 0, = 2Co0,0,.

(4) Reduction of the Oxide with Aluminium.—This is known as
Goldschmidt’s process, and hinges upon the fact that the heat of formation
of aluminium oxide is 892-6 kilogram calories,® which is higher than
that of most other metallic oxides —in other words, aluminium is capable
of reducing such oxides to the free metal by reason of its greater avidity
or attraction for their oxygen.> The heat of formation of Co,0, is
193-4 cals. Now to reduce three molecules of cobalto-cobaltic oxide to
metal requires 3 X 193-4 = 580-2 cals. Thus:

3Co;0, = 9Co + 60, — 580-2 cals. . 2 ot ()

By oxidising 8 atoms of aluminium to 4 molecules of oxide, 4 X 392-6
== 15704 cals. are liberated. Thus:

_ 8Al + 60, = 4AL,0; + 15704 cals. . . . (i)
Combining equations (i) and (ii) we have :
8Co,0, + 8Al = 9Co + 4AL,0; + 990-2 cals.

In other words, the reaction is strongly exothermic and, when once
started with an ignition powder such as a fuse of finely divided aluminium
and potassium chlorate wrapped in paper (Kalmus), will proceed very
vigorously to completion. The metal may be produced in this way in
a very pure form containing less than 0-1 per cent. of aluminium' and,
of course, entirely free from carbon.

Preparation of Ccbalt by Electrolytic Methods.

Cobalt may be obtained by the electrolysis of aqueous solutions of
cobalt sulphate containing ammonium sulphate and hydroxide, using
a platinum cathode and anode.

1 Moissan, Ann. Chim. Phys., 1880, 21, 242,

2 Kalmus, loc. cit.

3 For notes on thérmo-chemistry see this Series, Vol. I, 2nd ed., 1917, p. 163.

4 Per equivalent of oxygen. :

§ This is the principle of the reactions with thermite. See this Series, Vol. IV, p. 58,
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In preparing a specimen of the pure metal for atomic weight deter-
minations, Winkler found the following solution useful :

100 c.c. cobalt sulphate solution, containing 11:62 grams of
cobalt per litre,

30 grams ammonium hydroxide of density 0-905,

500 c.c. water,

employing a current density of 0-6 amperes.

The metal obtained in this way contains a small quantity of oxide,
but this may be reduced by heating in a current of hydrogen gas.!

Preparation of Cobalt in the Laboratory.—For laboratory pur-
poses cobalt may readily be obtained by reduction of its oxides by
hydrogen at temperatures above 250° C.; by heating the chloride ? or
purpureo salt 3 to redness in a current of the same gas ; and by calcining
the oxalate either in a closed vessel or in an atmosphere of hydrogen.4
This third method invariably yields a slightly carburised metal. Cobalt
may be obtained in the wet way by precipitation from faintly acid
solutions of its salts by metallic magnesium, as also from ammoniacal
solutions with metallic zine.?

Electrolytic reduction of the double cobalt ammonium sulphate® in
the presence of ammonium hydroxide, or of the double oxalate in the
presence of excess of ammonium oxalate, yields a very pure metal.

Pyrophoric Cobalt was described by Magnus in 1825,7 who pre-
pared it by reduction of its oxides in a current of hydrogen. The best
temperature of reduction & appears to be 250° C. If the reduction is
effected at 700° C. the cobalt is not pyrophoric. Pyrophoric cobalt is
a black powder, which burns brilliantly when exposed to the air in
consequence of rapid oxidation.

Physical Properties.—Cobalt is a silver-white metal which, when
pure, may be machined in a lathe as readily as pure nickel or pure
iron. The commercial metal, containing small percentages of carbon,
machines after the manner of mild steel. When under corresponding
conditions cobalt is harder than nickel and iron.® The effect of carbon
between 0-06 and 0-37 per cent. is not sufficient to counteract that of
slight variations in the heat treatment. The tensile strength of cobalt
when pure, cast, and unannealed is 34,400 lb. per square inch, which
value is increased to 59,700 lb. with a carbon content of 0:062 per cent. ;
and to 61,900 Ib. when the carbon reaches 0:25 per cent.

The specific electric resistance of cobalt wires of great purity is
89-64 X 1077 ohms per em. cube, but this value increases enormously by
the addition of small quantities of impurities.

1 Winkler, Zeitsch. anorg Chem., 1895, 8, 1. See also Becquerel, Compt. rend., 1362,
55, 18; Boisbaudran, ibid., 1871, 73, 1322; Mansfeld, Zeitech. anal. Chem., 1877, 16,
344 ; Wohl, 7bid., 1879, 18, 523 ; Fresenius and Bergmann, ibid., 1880, 19, 314 ; Schlucht,
ibid., 1883, 22, 493.

2 Peligot, Compt. rend., 1844, 19, 670.

3 Sharswood, Monit. Scient., 1859, 2, 889.

4 Deville, Ann. Chim. Phys., 1856, 46, 202.

5 Roussin, J. Pharm. Chem., 1866, 3, 413 ; J. L. Davis, Chem. News, 1874, 30, 292;
J. Chem. Soc., 1875, 28, 311.

6 See p. 34.

7 Magnus, Pogg. Annalen, 1825, 3, 31 ; Ann. Chini. Phys., 1825, [il}, 30, 103.

& Moissan, Ann. Chim. Phys., 1880, 21, 242.

® See Bottone, Ohem. News, 1873, 27, 215; Kalmus and Harper, Canadian Depart-
ment of Mines, Report 309, Ottawa, 1914 ; J. Ind, Eng. Chem., 1915, 7, 6,
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Cobalt is magnetic at all temperatures up to about 1150° C., at
which point it becomes non-magnetic.! When placed in a magnetic
field a bar of cobalt increases in length,? and it is interesting to note in
this connection that this magnetic elongation for both cast and annealed
cobalt becomes practically nil between 1100° and 1200° C.3

The density of pure cobalt containing 99-9 per cent. of the metal
and a trace of iron, but no nickel or carbon, is given as follows 4 :

Condition of metal. Density.

Cast from just above the melting-point (c.
1500° C.) . J > 3 o = 0 87562 at 15° C.

Cast and swaged down to a thin cylindrical bar | 8:9227 at 19° C.

Cast and annealed from 700° C. . ; . | 88105 at 14-5° C.

From the foregoing it is evident that the mechanical history of the
metal has an important influence upon its density, as is usually the case.
The density of pure electrolytic cobalt foil is given by Winkler$ as
7:9678 at 20° C.8
. The coefficient of linear expansion of cobalt is given by the expres-
sion :
a = 0:00001208 4 0-000,000,0128¢

between 6° and 121° C.7
The melting-point of cobalt has been determined by a considerable
number of investigators, the most reliable results-being as follow 8:

Meltlr:g(-}?omt, Authority.

1478 + 1-1 | Kalmus and Harper, opus cit.
1477, 1478 | Burgess and Waltenberg, Bureau Standards, Washing-
ton, 1913, 10, 13; 1912, 9, 475.

1464 Burgess, ibid., 1907, 3, 850.

1490 Day and Sosman, dmer. J. Sci., 1910, 29, 93. Con-
stant volume nitrogen thermometer.

1491 Ruer and Kaneko, Ferrum, 1918, 11, 338.

1 Quertler and Tammann, Zeitsch. anorg. Chem., 1904, 42, 353.

2 Barrett, Chem. News, 1876, 33, 266 ; Phil. Mag., 1874, [iv], 47, 51; Nature, 1882,
26, 515, 586.

3 Honda and Schimizu, Phil. Mag., 1903, [vi], 6, 392.

¢ Kalmus and Harper, Canadian Department of Mines, Report 309, Ottawa, 1914,
p. 6; J.Ind. Eng. Chem., 1915, 7, 6.

5 Winkler, Zeitsch. anorg. Chem., 1895, 8, 1. :

8 QOther data are 88 at 15° C. (Copaux, Compt. rend., 1905, 140, 657; Ann. Chim.
Phys., 1905, 6, 508); 8:718 at 21° C. (Tilden, Chem. News, 1898, 78, 16), 8:6 (G. Neumann
and Streintz, Monatsh., 1891, 12, 642), 8-5 at 15-5° C. (Bottone, Chem. News, 1873, 27,
215).

7 Tutton, Chem. News, 1899, 79, 229 ; Proc. Roy. Soc., 1899, 65, 306.

8 QOther values are given by Copaux, loc. cit. ; Guertler and Tammann, Zeilsch. anorg.
Chem., 1904, 42, 353; 1905, 45, 223; Carnelley, Ber., 1879, 12, 441 ; Pictet, Compt.
rend., 1879, 88, 1317.
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Cobalt boils at 2415° C. under 80 mm. pressure.! Its specific heat
has been determined by numerous investigators, the more important
results 2 being as follow :

Specifie Tem perature :
heat. range, °C. Authority.

0-10795 20-100 | Schmitz, Proc. Roy. Soc., 1903, 72, 177.

0-1053 15-100 | Kalmus and Iarper, opm cit., p. 43.

0-1056 15-100 | Drisko, quoted by ditto, p. 13,

0-104. 20-100 Copaux loc. cit.

0:103 15-100 Tilden, Proc. Roy. Soc., 1900, 66, 244 ; 1903,
71, 220.

The specific heat at any temperature between 0° and 890° C. may
be calculated 2 from the equation :
Specific Heat = 0-1058 - 0-0,457¢ - 0-0,66¢%
The most intense lines in the spectrum of cobalt are as follow #:

Avc: 38405-27, 3443-79, 3453-66, 3489-57, 3502-45, 3529-96,
3569-59, 3587:30, 3845-60, 3894-25, 3995-45, 4121-52, 4531-12,
5444-80, 5946-73, 5984-40, 5992-11, 6006-50, 6007-85, 6049-34,
608267, 6282-89, 6320-62, 6348-00, 6450-51, 6455-30, 6478-10.

Spark: 2564-13, 2580-42, 2582:33, 2663:65, 3845-65, 3873-30,
3874-14, 3894-26, 3995-53, 4118-94, 4121-51, 4531-20, 4581-82,
481370, 4868-01.

Occlusion of Hydrogen by Cobalt.—Hydrogen is readily occluded
by cobalt to an extent dependent upon a variety of factors. Chief
amongst these are :

(1) Temperature—Cobalt slowly occludes hydrogen in the cold, but
at its temperature of reduction, namely, 400° to 500° C., its occludmg
power is negligible. At some intermediate temperature occlusion
progresses at a maximum rate.® Cobalt obtained by reduction in
hydrogen but cooled in nitrogen occludes an inappreciable quantity of
hydrogen.

(2) Length of Exposure.—The amount of occluded hydrogen tends
towards a maximum with increasing length of exposure of the metal
to that gas.

(3) Physical Condition of the Metal—The more finely divided the
metal the greater is its'power of occluding hydrogen. This probably
explains many of the apparently anomalous results detailed in the
literature on the subject. Thus, for example, cobalt reduced from the
bromide does not possess the property of occluding hydrogen to any
important extent.® The metal obtained, on the other hand, by reduc-
tion from its oxides contains varying amounts of the gas. Reduced at

1 Ruff and Keilig, Zeitsch. anorg. Chem., 1914, 88, 410.

2 Qther data are given by Regnault, Ann. Chim. Phys., 1861, 63, 5; 1856, 46, 267 ;
Pionchon, #bid., 1887, 11, 33.

3 Kalmus and Harper opus cit.

4 Exner and Haschek, Die Spektren der Elemente bei normalem Druck (Leipzig and
Wien, 1911).

5 Baxter, Amer. Chem. J., 1899, 22, 351,

¢ Baxter, loc. cit,
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400° C., Troost and Hautefeuille * found it to contain approximately
100 times its volume of hydrogen, with which it readily parted upon
heating to 200° C. in vacuo. The explanation appears to be that the
volatility of cobalt bromide allows the metal to be deposited, upon
reduction, in a more compact form than that obtained from the oxide,
so that its occluding power is proportionately reduced.?

Neumann and Streintz 2 observed that repeated oxidation and
reduction tends to diminish the power of cobalt to occlude hydrogen.
As Baxter has pointed out, this is probably due to the fact that these
operations tend to render the cobalt increasingly compact. The
presence ‘of impurities does not appear to affect very materially the
occluding powers of cobalt.

Chemical Properties.—Cobalt is not sensibly altered by exposure
to air or water at ordinary temperatures, but becomes superficially
oxidised at red heat.* After being maintained at red heat for some
time in an atmosphere of pure nitrogen, the metal becomes less suscep-
tible to attack by nitric acid, possibly because of the formation of a
*“ passive ”’ nitride.?

Cobalt thus resembles iron in exhibiting passivity, although to a
less extent. Concentrated nitric acid attacks it, but acid in the propor-
tion of one part water with two parts concentrated acid dissolves
cobalt with extreme slowness. 4

The metal dissolves slowly in hydrochloric and in dilute sulphuric
acid, evolving hydrogen. It combines with chlorine and bromine under
the influence of heat, yielding the anhydrous chloride and bromide
respectively. Neither cold nor hot solutions of sodium or potassium
hydroxide attack cobalt unless the metal is simultaneously made
an anode.”

Heated in ammonia to about 470° C. cobalt yields a nitride which
decomposes at 600° C. Heated in nitrogen peroxide it burns with
incandescence, yiclding cobalto-cobaltic oxide, Co,0,.8

Electrolytic cobalt does not contain nitrogen, and yields no ammonia
on heating in a current of pure hydrogen, thereby differing from its
congeners, iron and nickel.

When obtained in a finely divided state by reduction of its oxides
at 250° C. cobalt is pyrophoric. In this condition it decomposes
acetylene in the cold, the metal becoming incandescent. A portion of
the acetylene polymerises to benzene, whilst the remainder yields
carbon and hydrogen.?

Reduced at 400° C. the metal is not pyrophoric, but occludes a
considerable volume of hydrogen. The reduced metal decomposes
carbon monoxide at 350° to 450° C., depositing solid carbon. Thus:

Co 4+ 2CO = Co 4 CO, + C.
In this respect, again, cobalt closely resembles iron.

1 Troost and Hautefeuille, Compt. rend., 1875, 8o, 788.

2 Baxter, loc. cit.; Riehards and Cushman, Prec. Amer. Acad., 1899, 34, 333.

3 Neumann and Streintz, Monatsh., 1891, 12, 642,

4 Regnault, Ann. Chim. Phys., 1836, 62, 352.

5 St, Bdme. Compt. rend., 1889, 109, 304. See also Nickles, dbid., 1853, 37, 284 ;
Pogg. Annalen, 1853, 9o, 351 ; Hittorf, Zeitsch. physikal. Chem., 1900, 34, 385.

¢ Acworth and Armstrong, J. Chem. Soc., 1877, 32, 54.

? Tubandt, Zeitsch. anorg. Chem., 1905, 45, 368.

8 Sabatier and Senderens, Bull. Soc. chim., 1903, 29, 294.

9 Moissan and Moureu, Bull. Soc. chim., 1896, 15, 1296.
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The metal also combines under special conditions with nitrogen
peroxide to form nitro-cobalt, CoyNO;). When heated with silicon
in the electric furnace, 51hcldes are produced, whilst warming with
carbon monoxide under pressure effects the production of cobalt
tetracarbonyl, Co(CO),. Heated in nitric oxide to 150° C. the metal
burns, yielding the monoxide ; at red heat it decomposes steam.

“Asymmetry”’ of the Cobalt Atom.—Optically active compounds
of cobalt have been produced, indicating that their structure is asym-
metric.!

Atomic Weight.—dpprozimate Atomic Weighi.—That the atomic
weight of cobalt is approximately 59 and not a multiple or submultiple of
this amount is evident from a variety of considerations, namely :

(1) The specific heat of cobalt is 0-108. Assuming a mean atomic
heat of 6-4, the atomic weight, according to Dulong and Petit’s Law, is
approximately 59-3.

(2) The most appropriate position for cobalt in the Periodic Table
is, as explained in the opening chapter of this volume, between iron
and nickel. Assuming the atomic weights of iron and nickel to be
correct, we should expect the value for cobalt to be greater than 55:84
(at. wt. of iron), but less than 58-68 (at. wt. of nickel).

(8) The cobalt alums are isomorphous with those of iron and
aluminium, and therefore, by the application of Mitscherlich’s Law,
they must be assumed to contain two atoms of cobalt, their generic

formula being :
M,S0,.Co4(S0,);.24H,0.

Again, double cobaltous sulphates with alkali sulphates are isomor-
phous with those of nickel and divalent iron, from which it may similarly
be gathered that their formule are given by the generic scheme :

M,S0,.CoS0,.6H,0,

Analyses of these compounds indicate that the atomic weight of
cobalt is 59-0.

Ezact Atomic Weight.—Until 1857 the accepted value for the atomic
weight of cobalt 2 was derived from a single experiment made by
Rothoff in 1826 3; 269-2 parts of CoO were found to be equivalent to
1029-9 of AgCl, whcnce Co = 589.

In 1857, Schneider* analysed cobalt oxalate, determining the
carbon dioxide obtained by its combustion and the metal left after
igniting the salt in air and subsequently in hydrogen. Four analyses
gave the following result :

Co : 2CO, : : 100-000 : 146:665 whence Co = 60-005

The following year Marignac® made a number of preliminary
experiments on the atomic weight of cobalt. In two experiments
anhydrous cobalt sulphate was calcined to oxide :

CoSO, : CoO : : 100-000 : 48-287 Co = 58761

L Werner, Ber., 1914, 47, 3087.

2 All atomic welghts quoted in this section have been recalculated using the following
antecedent data: O = 16-:000, H = 100762, C = 12:003, N = 14-008, S = 32:065,
Cl = 35-457, Br = 79916, I = 126-92, Ag = 107-880, Au = 1972,

3, See Berzelius, Pogg. Annalen, 1826, 8, 184.

4 Schneider, Pogg. Annalen, 1857, 101, 387.

5 Marignac, Arch. Sci. phys. nat., 1858, 1, 372,
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In another four experiments anhydrous cobalt chloride was analysed
for chlorine by titration with silver :

2Ag : CoCl, : : 100-000 : 60-118 whence Co = 58797

In 1860 Dumas’ analyses of anhydrous cobalt chloride appeared.?
Five analyses gave the following mean result :

2Ag : CoCl, : : 100-000 : 60228 Co = 59-034

In 1863 Russell 2 reduced pure cobaltous oxide to the metal in a
stream of hydrogen, and as the mean of fifteen experiments obtained
the following result :

CoO : Co : : 100-000 : 78-592 Co = 58-738

Three years later, Sommaruga ® made seven analyses of purpureo-
cobaltic chloride by heating it until cobaltous chloride remained, and
reducing this salt in a stream of hydrogen :

Co(NH,),Cl; : Co : : 100-000 : 23-827 Co = 59-909

In 1867 Winkler ¢ made five determinations of the amount of gold
precipitated from sodium aurichloride solution by a given weight of
cobalt :

2Au : 3Co : : 100-000 : 45-172 Co = 59-386

In 1868, Weselsky 5 analysed ammonium and phenylammonium
cobalti-cyanides for cobalt by ignition in a stream of hydrogen, two
experiments with the first and four with the second salt, giving the
following results :

(NH);Co(CN),4 : Co : : 100-000 : 21-943 Co = 69-085
(CeHy. NH);Co(CN) : Co & : 100-000 : 11-8665  Co = 59-017

In 1869, Russell® redetermined the atomic weight of cobalt by dis-
solving the metal in hydrochloric acid and measuring the hydrogen
evolved. Computing his results with the modern value for the density
of hydrogen, his eleven experiments give the following mean result :

Co : H; : : 100-000 : 3-4112 Co = 59-077

In 1871, Lee? determined the percentage of cobalt in brucine
cobalti-cyanide, strychnine -cobalti-cyanide, and purpureo-cobaltic
chloride :

(Cy3H,6N,0,),H;Co(CN),.10H,0 : Co :: 100-000:3-7437 = Co = 59-199
(CoiH,,N,0,);H,Co(CN)g.4H,0 : Co :: 100-000 : 45705  Co = 59-096
Co(NH,),Cl, : Co : : 100000 : 23-5795 Co = 59095

In 1886, Zimmermann 8 made ten extremely concordant analyses
of cobaltous oxide by reducing it to the metal in a stream of hydrogen :

CoO : Co : : 100-000 : 78-635 Co = 68-889

! Dumas, Annalen, 1860, 113, 25.

2 Russell, J. Chem. Soc., 1863, [ii], 1, 51.
Sommamga, Srlzungsber K. Akad. Wiss. Wi ien, 1866, 54, 50; see also Schneider,

Pogg. Annalen, 1866, 130, 310.

4 Winkler, Zeitsch. anal. Chem., 1867, 6, 18.

5 Weselsky, Ber., 1868, 2, 592.

¢ Russell, J. Chem. Soc., 1869, [ii], 7, 294.

? Lee, Amer J. Sci., 1871, [iii], 2, 44.

8 Zimmermann, Annalen. 1886, 232, 324
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Another series of twenty-four experiments on the reduction of
cobaltous oxide was published shortly afterwards by Remmler1:
CoO : Co :: 100-000 : 78-613 whence Co = §8-812

In 1893-1894, Winkler 2 published the results of his experiments
on the atomic weight of cobalt. First, pure cobalt was converted into
the ncutral chloride, and in six expecriments the chlorine determined
gravimetrically as silver chloride : :

2AgCl : Co :: 100-000 : 20-864 Co = 569-812

In a second series of six experiments the chlorine in the neutral
chloride was determined volumetrically by Volhard’s method after
removing the cobalt with potassium carbonate. The ratio of cobalt to
silver was thus established and checked by two experiments in which
coYalt was allowed to displace silver from silver sulphate solution :

2Ag: Co ::100-000: 27705 . Co = 59776

In a third series of eight experiments a weighed amount of cobalt
was dissolved in excess of a standard solution of iodine in potassium
iodide, the excess of iodine being then titrated with sodium thiosulphate :

I, : Co : : 100-000 : 23-462 Co = 59-556

In 1895, Hempel and Thiele’s determinations appeared.® Three ex-

periments on the reduction of cobaltous oxide gave the following result :
€00 : Co : : 100-000 : 78-666 Co = 58-998

In another serics of seven experiments a weighed amount of cobalt
was converted into the anhydrous chloride, and the increase in weight

noted :
Cl2 : Co ::100-000 : 82:873 Co = 58-769

Finally, in four of the preceding experiments the chlorine in the

anhydrous chloride was estimated as silver chloride :
2Ag(Cl : Co : : 100-000 : 20-556 Co = 58-929

The foregoing results are of little or no value in comparison with
those that have been subsequently obtained. They vary very con-
sidcrably, but undoubtedly point to a value round about 59 for the
atomic weight of cobalt. The results obtained by Schneider, Som-
maruga, and Winkler are much higher than all the others, and it will be
noticed that in the hands of Lee, Sommaruga’s method gave a much
lower value.

In 1897-1899, the work of Richards and Baxter? on the atomic
weight of cobalt was published. Anhydrous cobaltous bromide was
prepared by direct union of the pure elements and the product sublimed
in a stream of hydrogen bromide and nitrogen. The bromine in the
salt was determined by the two usual methods, the amount of silver
required to precipitate it being first measured and then the precipitated
silver bromide being collected and weighed. The final results were as
follow : 2
8 expts. 2Ag : CoBr, : : 100-000 : 101-407 Co = 58-964
9 expts. 2A¢Br : CoBr, : : 100:000 : 58-255 Co = 58-969

1 Remmler, Zeitsch. anorg. Chem., 1892, 2, 221.

2 Winkler, Zeitsch. anorg. Chem., 1893, 4, 10, 462 ; 1894, 8, 1; cf. Ber., 1889, 22, 891.

3 Hempel and Thiele, Zeitsch. anorg. Chem., 1895, 11, 73.

4 Richards and Baxter, Proc. Amer. Acad., 1897, 33, 113; 1899, 34, 351; 1899, 35,

61. Also in Chem. News, 1898, 77, 20, 30; 1899, 79, 199, 208, 219; 1900, 81, 112, 125,
139.
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These results were confirmed by a series of experiments in which
the anhydrous bromide was reduced to metallic cobalt by heating it
in hydrogen. Twelve experiments gave the following mean result :

CoBr, : Co : : 100-000 : 26:952 whence Co = §8-972

It is seen that the atomic weight thus obtained is practically the
same as that derived from the percentage of bromine in the salt, an
indication of the high degree of accuracy of the experimental work.

Richards and Baxter also analysed the chloride and oxide of cobalt.
It was not found possible to prepare the anhydrous chloride wholly
free from alkali chloride and silica, so that their two reductions of the
chloride to the metal are slightly in error :

Cl, : Co :: 100-000 : 83-266 Co = 59-047

The analyses of cobaltous oxide were also regarded with suspicion,
owing to the difficulty of ascertaining whether the oxide is free from
excess of oxygen. Five experiments were made :

CoO : Co :: 100-000 : 78:659 Co = 568-973

With the subsequent invention of fused quartz vessels it became
possible to prepare pure anhydrous cobalt chloride. Accordingly, in
1906, Baxter and Coffin ! prepared and analysed this salt in the cus-
tomary Harvard manner, the results being as under :

8 expts. 2Ag : CoCl, : : 100-000 : 60-1975 Co = 58-968
7 expts. 2AgC(l : CoCl, : : 100-000 : 45-3070 Co = 58-969

The excellent agreement between Richards and Baxter’s analyses
of cobalt bromide and Baxter and Coffin’s analyses of cobalt chloride
leaves no doubt as to the accuracy of the value

Co = 5897

for the atomic weight of cobalt, and this is the value given in the
International Committee’s table for 1921.

Uses.—Cobalt has not hitherto been utilised to any important
extent in the industries, but Canada is making systematic efforts to
develop its utility in view of the fact that rich stores of cobalt ores are
found in that country. A few years ago practically the only use for
cobalt was the production of the blue colour in the glass and ceramic
industries, and for the production of a blue paint. For these industries
an annual production of 300 or 400 tons of cobalt sufficed.?

Two important fields suggest themselves as offering useful possi-
bilities for the future, namely, electroplating and currency. The former
of these is discussed in the next section. With regard to the latter it
has been pointed out ? that a five-cent piece made of cobalt would
possess many advantages for Canadian currency. Being very hard it
would be difficult to counterfeit, while its attractive colour and resistance
to tarnishing would distinguish it from all other coins.

Several compounds of cobalt are of considerable importance, chicf
amongst which are zaffre, smalt, and cobalt blue. Accounts of these
are given in the sequel. Certain organic derivatives of cobalt, such as

1 Baxter and Coffin, J. Amer. Chem. Soc., 1906, 28, 1580; Chem. News, 1907, 95,
76, 86.

2 The Mineral Industry dwring 1916, 1917, 25, 530. i

3 Twenty-fourth Annual Report of the Ontario Bureau of Mines, 1915, p. 23.
VOL, IX ¢ 1 7 c
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the rosinate, oleate, linoleate, and tungate, find commereial application
as ““ driers ” in the paint and varnish industry. The acetate and oxide
also exert an appreciable drying action.

Owing to their change of colour under varying conditions of
hydration, cobalt salts have long been used in the preparation of
 sympathetic inks.”

Electro-deposition of Cobalt.'—Although nickel has been very
largely used for commercial electroplating purposes, there would
appear to be a useful field for a cobalt electroplate industry. The
earlier literature .on the subject is full of contradictions,? but this is
readily understood when it is remembered what an important influence
upon the nature of deposited metals is exerted by different factors
such as temperature, current density, chemical composition of the
solution employed, etc.

A solution of a cobalt salt, or a mixture of salts containing cobalt,
is prepared and a cobalt anode inserted. The carefully cleaned article
to be plated is introduced as cathode, and a suitable current passed
through the system. '

Tt is most important that the anode shall consist of cobalt in a high
state of purity. In view of the improvements in the metallurgy of
that metal, this condition is not now an insuperable barrier to success
as a very pure metal may now be obtained on a commercial scale. The
anodes may be cither cast or rolled sheet according to whichever is the
more convenient or more easily obtainable. The difference between
the two is not so important as in the case of nickel, since cobalt dissolves
rather more readily ; the anodes, however, should be annealed and
thoroughly cleansed before use.

The problem of a suitable solution has long been a matter of dis-
cussion. Sylvanus Thompson in 1887 recommended and patented the
following mixtures : :

Cobalt ammonium sulphate . 11b. or 500 grams
Magnesium sulphate . . %1b. or 250,
Ammonium sulphate . . 11b. or 250757
Citric acid . : X 0 7 or 81295
Water : o . . 1 imperial

gallon or 5 litres
11 U.S. gallons

and
Cobalt sulphate . . . %1b. or 250 grams.
Magnesium sulphate . <5 35b: or 230
Ammonium sulphate . . }1b. or 195% =
Water . 3 : .1 imperial
gallon or 5 litres

1} U.S. gallons

These solutions yield their optimum results at about 35° C. A
simple solution, rapidly made up, consists of : .

Cobalt potassium sulphate . ; . 11b.
Water . 3 : ; 1 imperial gallon

! For further details sce 4 T'reatise on Electro-Metallurgy. McMillan and Cooper (Chas.
Griffin and Co., 1910); Electroplating, Barclay and Hainsworth (Arnold, 1912); Applied
Electrochemistry, Allmand (Arnold, 1912).

% See the summary by Watts, Trans. Amer. Electrockem. Soc., 1913, 23, 99.
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and its efficiency is inereased by the addition of approximately 1 oz. of
sodium hypophosphite.

For these solutions a cathode current density of 1} amperes per
square foot is recommended,! although for the first few seconds of
immersion a little higher current may be applied, but should be quickly
reduced. The voltage may advantageously lie in the neighbourhood
of 2 volts. :

Kalmus and his co-workers 2 recommend the following compositions :

(1) A solution of 200 grams of cobalt ammonium sulphate,
(NH,),50,.C0S0,.6H,0, equivalent to 145 grams of the anhydrous
salt, in one litre of water. The density of the solution is 1-053 at 15° C.

This solution is useful at all current densitics up to 4 amperes per
sq. dem. or 37-2 amperes per sq. foot.

(2) A solution in one litre of water of the following :

Cobalt sulphate, CoSO, . s : . 812 grams
Sodium chloride, NaCl 3 5 5 st (O3 L
Boric acid, H,BO, . : . . nearly to saturation

The density of the above solution is 1-25 at 15° C.

This solution plates most satisfactorily with a current density
ranging from 8-5 to 26-4 amperes per sq. dem., the latter figure being
equivalent to over 240 amperes per sq. foot; and even at this speed
the limit of the solution is not reached. The solution does not change
appreciably cither in cobalt content or in acidity over long periods of
time, and 1s thus particularly useful for commercial practice.

The following conclusions are arrived at by Kalmus : :

1. The electro-deposition of cobalt from either of the foregoing
solutions on to brass, iron, steel, copper, tin, lead, Britannia metal, and
German silver may be effected under conditions similar to those
employed for nickel. The deposit is firm, adherent, hard, and uniform.
It is readily buffed to a finished surface having a beautiful lustre,
possessing a slightly bluish east, although beautifully white.

2. The deposit is much harder than nickel, so that less weight
(about one-fourth) is needed for equal protection. The plating satis-
factorily withstands the various hammering, bending, and burnishing
tests usually applied.

3. The electric-conductivity of the cobalt solutions is considerably
higher than that of commercial nickel solutions. Other things being
equal, therefore, the tobalt solutions may be worked at a lower voltage
for a given speed of plating ; or solution (1) may be worked four times,
" and solution (2) some fifteen times as fast as the most rapid nickel
solution.

Other workers, who have had oceasion to repeat the work of Kalmus
report considerable difficulty in obtaining thick deposits of cobalt
consistent with a high quality of adhesion. The solutions recommended
by Kalmus yield quite satisfactory results for very thin deposits, but
the case is otherwise where deposits are required ranging in thickness
from 3 to 5 thousandths of an inch and upwards. In these eases the
deposited metal is found to separate very readily from its base?®
Furthermore, in view of more recent research on the rapid deposition

1 Barclay and Hainsworth, opus cit., p. 307.
* Kalmus, Harper, and Savell, J. Ind. Eng. Chem., 1915, 7, 379
3 W. R. Barclay, private communication.
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of nickel (see p. 102), it would appear that the possibilities of improve-
ment in this direction have by no mcans been exhausted. Consequently
the third conclusion of Kalmus relating to the relative speeds of deposi-
tion of cobalt and nickel may shortly require revision.

From the foregoing it is evident that the whole subject is worthy of
further careful commercial investigation.

ALLOYS OF COBALT

Other useful fields for the employment of cobalt are offered by its
alloys.

Cobalt has been successfully used in the manufacture of high-speed
steels, in which some 4 per cent. of cobalt is employed, in addition to
chromium and tungsten. Stellite,! an alloy containing 75 per cent. of
cobalt, the remainder being chromium (usually with a little tungsten),
is hard and remarkably resistant to ordinary corroding agents.? It is
therefore in demand for the so-called “ stainless ” cutlery. Cochrome
is an alloy similar to nichrome, save that the nickel in the latter is
replaced by cobalt. It has a higher melting-point than nichrome, is
less readily oxidised, and in these respects is superior to it for purposes
of electric heating. Cobalt amalgam is used in dentistry.3

Apart from the foregoing, cobalt yields no alloys of any great
commercial importance. The following table indicates those that have
been made the subject of more or less careful study :

Elements alloying with R

Cobai. Authority.
Aluminium . 2 . | CoAl, Co,Al;, and CozAl,, | O. Brunck, Ber., 1901, 34,
have been obtained. 2733.
Gwyer, Zeitsch. anorg.
Chem., 1908, 57, 113.
Schirmeister, Metallurgie,
1911, 8, 650.
Antimony. . . . | See p. 66. e
Arsenic - 5 . | See p. 65. =5
Bismuth . & . | Limits of miscibility in liquid | Lewkonja, Zeifsch. anorg.

state are 6 and 93 per cent. Chem., 1908, 59, 293.
cobalt. Noevidence of com- | Ducelliez, Bull. Soc. chim.,

pounds. 1909, [iv], 5, 61.
Chromium . : . | Miscible in all proportions | Haynes, J.Ind.Eng.Chem.,
both in liquid and in solid 1910, 2, 397.
state. Lewkonja, loc. cit.
Chromium and molyb- | Alloy readily. Haynes, J.Ind.Eng.Chem.,
denum 1913, 5, 189; Met. and
Chem. Eng., 1912, 10,
804.
Chromium and tungsten G Haynes, loc. cit.

! See Haynes, J. Ind. Eng. Chem., 1917, ¢, 974. -

2 “Tt is elaimed that this metal is to high-speed steel what high-speed steel is to
ordinary carbon steel ; that is, it will allow of inereasing the rate of cutting on the lathe
from 20 per eent. to 50 per cent. and minimises the time consumed in sharpening tools”
(J. Soc. Chem. Ind., 1917, 36, 441). :

3 See Bull. Imp. Inst., 1916, 14, 417.
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Elements alloying with
Cobalt.

Remarks.

Authority.

Copper . .

Gold . : 5 5

Iron . . . .
T{eaidae. sl . .
Manganese . . .

Molybdenum . .

Nickel 5 . .
Silicon X = s
Silver ; 3 5

Thatlium . A c

Tin @ . T S o

Zinc . . .

No definite compound exists.
Completely miscible in
fused state. Alloys contain-
ing 99 per cent. eopper are
still magnetic. Those with
more than 70 per cent.
copper have a red tint;
those with less than 10 per
cent, copper are grey and
similar to cobalt,

No ecompounds. Saturated
solid solutions contain 3-5
and 94 per cent. of gold
respectively.

| See Part IT.

Limits of miscibility in liquid
state are 3 and 99 per cent.
of cokalt.

Continuous series of solid solu-
tions. Alloys with more
than 40 per cent. cobalt are
markedly magnetic, this
property increasing with
cobalt content.

Compound CoMo. Crystal-
lises in long needles, m.pt.
1484° C. Kutectie mixture
contains 37 per cent. Mo,
and melts at 1332° C.

See p. 107,

See p. 72.

Nocompounds. Up t0 1600°C.
cobalt is insoluble in fused
silver.

Slightly miscible. No evidence
of compound.

Miscible in all proportions in
liquid condition. In the
solid, cobalt can dissolve

3:5 per cent. of tin. Com- -

pounds :
Co,Sn, m.pt. 1151° C., mag-
netic.
CoSn, m.pt. (with decompo-
sition) 943° C.
CosSn ;.
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COMPOUNDS OF COBALT

General Properties of Compounds of Cobalt.—Cobalt, in its
.salts, behaves both as a trivalent and a divalent element, although the
trivalent salts are unstable except in the case of double salts. The
colour of cobalt salts varies greatly according to the degree of hydration,
but it is usually pink or blue. Cobalt salts absorb nitric oxide,! and
with ammonia readily yicld complex ammino derivatives.

Pure cobalt salts free from nickel may be obtained from the impure
derivatives by any of the methods dcscrlbed on pp. 23-4.

COBALT AND THE HALOGENS

Cobaltous Fluoride, CoF,, may be obtained in the anhydrous
condition as follows : on heating to fusion the chloride with excess of
ammonium {luoride, the double fluoride, CoF,.2NH,F, is obtained ; on
further heating to redness in an atmosphere of an inert gas, the ammo-
nium fluoride is volatilised, leaving amorphous cobalt fluoride which
may be rendered crystalline by heating in gaseous hydrogen fluoride.
Prepared in this manner the salt is formed in rose-coloured prisms,
slightly soluble in water, and of density 4-43.2

It fuses when heated in gaseous hydrogen fluoride to 1200-1800° C.
to a ruby-red mass, and sublimes with difficulty at 1400° C.2 When
heated with potassium hydrogen fluoride, KHF), a double salt, CoF,.KF,
is obtained in garnet-red crystalline plates of density 8-22.4

Hydrated Cobaltous Fluoride, CoF,.2H,0, is easily prepared as
rose-red crystals by evaporation of a solution of the oxide or carbonate
in aqueous hydrogen fluoride. Boiling water decomposes the salt,
yielding an insoluble oxy-fluoride of light red colour.

A crystalline hydrated acid salt, CoF,.6H,0.5HF, isomorphous
with the corresponding nickel salt, has been described.® The double
salts, CoF,.KF.H,0 and CoF,.NaF.H,0, have been prepared. By
warming on the water-bath a solution of ammonium fluoride with
cobalt oxide or hydroxide, the double ammonium cobalt fluoride,
CoF,.2NH,F.2H,0, is obtained, isomorphous with the correspondmu
mckel zine, and copper salts of general formula RF,.2NH,F.2H,0,
where R stands for a divalent metal.® L

Cobaltic Fluoride, CoF;, may be prepared by electrolysing a
saturated solution of cobaltous fluoride in 40 per cent. hydrofluoric acid
contained in a platinum dish which serves as anode. the cathode being
a platinum wire. It is deposited as a green powder which does not
redissolve on stopping the current. In air it slowly turns grey, then
red. Water readily decomposes it, yielding cobaltic hydroxide.” The
salt dissolves in concentrated sulphuric acid, giving a brown solution
which becomes green on dilution, and red when gently warmed. ]

1 Hiifner, Zeitsch. physikal. Chem., 1907, 59, 416.

* Poulenc, Compt. rend., 1892, 114, 1426,

3 Compare nickel fluoride, p. 110.

¢ Poulene, Compt. rend., 1892, 114, 746.

5 Bohm, Zeitsch. anorg. Chem., 1905, 43, 326.

¢ Helmolt, Zeitsch. anorg. Chem., 1893, 3, 115. Other derivatives are known. See
Rimbach and Kilian, Annalen, 1909, 368, 101; Costachescu, dAnn. Sci. Univ. Jassy,
1911, 7, 5.

? Barbieri and Calzolari, Atti R. Accad. Lincei, 1905, [v], 14, [i], 464.
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Cobaltous Chloride, CoCl,, results in the anhydrous condition
when metallic cobalt or its sulphide is heated in chlorine 1 ; by heating
the hydrated salt % to 140° C., or by calcination of the chloropentammine
chloride, [CoCl.5NH;]CL,, in either case in a current of hydrogen chloride ;
by distilling a solution of the hexahydrated chloride in anhydrous
ethylene glycol under reduced pressure3; and finally by treatment
of a solution of the hydrated chloride with gaseous hydrogen chloride.

By the first of these methods blue crystalline scales are obtained
which admit of purification by sublimation in a current of chlorine or
carbon dioxide.®> Density, 2-937.6 '

At red heat moist hydrogen reduces it to metallic cobalt. Dry
hydrogen acts less readily, and a portion of the chloride sublimes.?

Magnesium likewise reduces it at high temperatures.?

The salt dissolves in alcohol to a blue solution, which becomes
violet and later rose-coloured upon addition of water. Upon exposure
to moist air, the anhydrous salt takes up water, forming first the di-
hydrate and then the tetrahydrate.?

Aqueous solutions of cobalt chloride may be obtained by dissolving
the anhydrous salt in water, or the oxides or carbonate in hydrochloric
acid. Upon concentration in the warm the hexahydrate, CoCl,.6H,0,
is obtained as dark red monoclinic prisms of density 1-84. These melt
at 60° C. in their own water of crystallisation. They lose four molecules
of water either when warmed to 50° C. over sulphuric acid, or when
kept for a prolonged period in vacuo over the same,® the resulting
dihydrate, CoCl,.2H,0, being rose-coloured. The dihydrate is also
obtained by precipitation from solution on addition of concentrated
hydrochloric acid.

By raising the temperature to 100° C. one further molecule of water
is expclled, a violet monohydrate, CoCl,. H,0, remaining. The mono-
hydrate may also be prepared by concentrating a solution of the hexa-
hydrate in absolute alcohol at 95° C. The salt crystallises out in pale
violet needles.’® At 110° to 120° C. the anhydrous salt is obtained as a
blue mass.

The tetrahydrate, CoCl,.4H,0, is obtained by allowing either the
anhydrous salt or the dihydrate to remain exposed to moist air. Further
exposure yields the hexahydrate.?

The solubility of cobalt chloride in water is as follows 1

Temperature °C. . —4 +7 11 12 .25 34 41
Grams of CoCl, per

100 grams solution 28-0 31-2 31-3 325 3844 375 398
Temperature °C. . 45 49 56 78 94 96 112
Grams of CoCl, per

100 grams solution 417 46-7 48:4 488 505 512 523

) Rose, Pogg. Annalen, 1832, 24, 157.

2 Bersch, Sitzungsher. K. Alad. Wiss. Wien, 1867, 56, 724.
3 De Coninck, Bull. Acad. roy. Belg., 1904, 6, 1170, 832, 803.
¢ Engel, Bull. Soc. chim., 1891, 6, 239.

5 Rieth, Ber., 1870, 3, 670.

¢ Playfair and Joule, J. Chem. Soc., 1845, 2, 401 ; 1846, 3, 57.
7 Spring, Zeitsch. anorg. Chem., 1892, 1, 242,

8 Seubert and Schmidt, Annalen, 1891, 267, 240.

9 Sabatier, Bull. Soc. chim., 1889, 1, 88.

10 Potilitzin, Bull. Soc. chim., 1891, 6, 264.

11 Etard, Compt. rend., 1891, 113, 699.
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In the cold the saturated solution is rose-coloured, like the crystalline
hexahydrated, salt. On warming it becomes violet between 25° and
50° C., above which latter temperature it is blue. This is explained
by some as due to a change in hydration of the cobalt salt in solution
from the red hexahydrate, through the violet monohydrate, to the
blue anhydrous salt. Certainly the changes in colour correspond to
breaks in the solubility curve as shown in Fig. 1.1 A similar change in
colour from red to blue likewise occurs with increase of concentration
of the solution.
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F1a. 1.—The solubility curves of cobalt chloride and iodide.

This simple hydration theory cannot explain all the known pheno-
mena, as, for example, the opposite effects of caleium chloride and
zine chloride on the colours. Engel 2 therefore assumed that the observed
colours were due to certain double salts present in the solutions. In
the case of pure cobalt chloride, hydrolysis was supposed to occur on
heating the solution, the hydrochloric acid liberated uniting with
unchanged cobalt chloride ; and as an explanation of the colour change
this is almost certainly incorrect. Ostwald ? suggested a simple ionic
explanation, namely, that the red colour is that of the cobalt cation, and
the blue that of the undissociated salt. This is certainly not a complete
explanation, and seems to necessitate a very marked decrease in
ionisation with rise of temperature, which experiment, so far, does
not support. .

Donnan and Bassett® suggest that cobalt chloride solution, in

1 Ttard, loc. cit.; von Babo, Jahresber., 1857, p. 72; Schiff, ibid., 1859, p. 52;
Gladstone, J. Chem. Soc., 1838, 10, 79; 1859, 11, 36; Tichborne, Chem. News, 1872,
25, 133 ; Russell, Proc. Roy. Soc., 1881, 32, 258 ; Potilitzin, Ber., 1884, 17, 276; Bull.
Soc. chim., 1891, [iii], 6, 264 ; Lescceur, Ann. Chim. Phyas., 1890, [vi], 19, 551 ; WyrouhoSf,
Bull. Soc. chim., 1891, [iii}, 5, 460; Charpy, Compt. rend., 1891, 113, 794; Wrewsky,
J. Russ. Phys. Chem. Soc., 1899, 31, 164. Sce Bersch, Sitzungsber. K. Akad. Wiss. Wien,
1867, [ii], 56, 724.

2 Engel, Bull. Soc. chim., 1891, [iii], 6, 239 : cf. Le Chassevant, ¢bid., 1891, [iii), 6, 3.

3 Ostwald, Lekrbuch der allgemeinen Chemie, Leipzig, 2nd ed., 1893.

1 See Salvadori, Gazzetta, 1896, i, 26, 237; Tarugi and Bombardini, ibid., 1900,
ii, 30, 405 ; Donnan and Rasgett, Trans. Chem. Soc., 1902, 81, 939,

5 PDonnan and Bassett, loc. cit,
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addition to simple ions Co and Cl’, contains complex anions CoCl,’ or
CoCl,”, there being two equilibrium reactions in solution, as follow :

(a) CoCl, = <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>